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4.2 Interactions between oxide film and shrinkage porosity in a low and high Fe 

content cast Al-Si-Mg alloys. 

 

The results of this experiment were used to investigate the effect on tensile properties 

produced by oxide films and shrinkage porosity, and demonstrate the interrelationships 

between these microstructural defects in cast Al-Si-Mg alloys. The alloy used in the 

experiment was varied to obtain 2 types, a low Fe content (0.1 wt% Fe) and a high Fe 

content (1.1 wt% Fe). However the Mg content was changed during the preparation of 

the high Fe content alloys, and the experiment, therefore, became that of two groups of 

castings (Al-7Si-0.3Mg-0.1Fe alloy and Al-7Si-0.2Mg-1.1Fe alloy) and their results are 

as follows; 

 

4.2.1 Interactions between oxide film and shrinkage porosity in cast Al-7Si-0.3Mg-0.1Fe 

alloy   

 

4.2.1.1 Tensile properties 

 

Tables 4.13 and 4.14 show the ultimate tensile strength (UTS) and elongation values for 

all test bars obtained with the 4 combinations of defects in the castings. As expected, the 

high oxide film and high shrinkage castings had the worst UTS and elongation, (with a 

mean UTS of 285 MPa and a mean elongation of 2.82 %), while the low oxide film and 

high shrinkage castings (surprisingly) had the best UTS and elongation, (with a mean 

UTS of 298 MPa and a mean elongation of 5.06 %). The results also showed that 

increasing the amount of defects in the castings influenced the tensile properties by 

decreasing the UTS and elongation. For example, the increase in oxide film content in the 

high shrinkage castings resulted in a reduction in a mean UTS and mean elongation by 13 

MPa and 2.2 % respectively. Increasing shrinkage porosity at this experimental level 

appeared to have only a slight effect on the tensile properties, for example, in the low 

oxide film castings the increase in shrinkage resulted in a reduction in the UTS and 

elongation by only about 2 MPa and 0.4 % respectively.  
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Table 4.13  Ultimate Tensile Strength (UTS) values of cast Al-7Si-0.3Mg-0.1Fe alloy 

for 4 experimental combinations. 

Test bar Ultimate Tensile Strength (MPa) 

No. Low oxide 
film and low 

shrinkage 

Low oxide 
film and high 

shrinkage 

High oxide 
film and low 

shrinkage 

High oxide 
film and high 

shrinkage 

1 295.11 295.91 295.64 292.00 
2 297.20 283.47 281.75 301.06 
3 300.68 304.62 250.67 244.90 
4 298.59 298.22 294.74 279.03 
5 293.72 292.53 287.70 288.45 
6 295.81 307.46 287.52 276.18 
7 286.06 289.33 299.07 285.78 
8 299.99 306.04 290.59 272.63 
9 295.11 301.77 295.96 287.20 
10 293.02 302.66 281.62 293.24 
11 298.07 299.82 292.87 284.36 
12 302.20 297.51 291.06 261.25 
13 305.33 288.27 285.61 292.13 
14 295.10 293.24 292.87 292.49 
15 290.56 298.93 295.05 297.85 
16 305.05 302.66 289.24 286.41 
17 296.85 301.95 295.05 285.33 
18 292.42 293.42 286.34 300.71 
19 301.23 300.35 287.79 285.16 
20 301.93 291.13 296.50 292.57 
21 290.84 301.16 296.86 283.92 
22 300.08 299.72 304.85 277.42 
23 272.51 298.29 291.60 287.52 
24 301.74 305.03 297.95 283.19 
25 289.53 302.50 295.96 278.86 
26 293.43 297.85 287.43 304.95 
27  302.08 292.15 271.66 
28  275.32 297.05  
29   287.97  

Mean UTS 
(MPa) 

295.85 297.54 290.67 284.68 
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Table 4.14 Elongation values cast Al-7Si-0.3Mg-0.1Fe alloy for 4 experimental 

combinations. 

Test bar Elongation (%) 

No. Low oxide 
film and low 

shrinkage 

Low oxide 
film and high 

shrinkage 

High oxide 
film and low 

shrinkage 

High oxide 
film and high 

shrinkage 

1 3.59 2.89 5.20 3.00 
2 6.05 1.92 2.13 3.78 
3 6.23 7.39 1.96 1.08 
4 4.03 6.50 5.41 2.34 
5 3.42 3.01 4.26 3.09 
6 4.57 7.00 3.76 1.40 
7 2.77 3.11 4.39 2.57 
8 7.05 5.83 4.38 2.75 
9 3.75 5.93 3.99 3.03 
10 3.99 6.31 2.74 4.19 
11 4.58 5.46 3.19 2.52 
12 4.42 5.08 5.32 1.12 
13 6.01 3.77 3.98 4.31 
14 4.41 4.45 3.98 4.45 
15 4.74 4.68 4.60 2.75 
16 6.99 7.15 3.10 3.05 
17 4.98 6.63 4.09 2.31 
18 5.58 5.04 3.33 3.51 
19 5.48 5.36 3.47 3.15 
20 4.58 5.05 4.13 2.53 
21 4.15 5.44 4.51 2.05 
22 5.86 6.04 4.96 1.81 
23 2.04 6.29 4.35 3.61 
24 5.16 5.79 4.76 3.71 
25 4.56 6.47 3.77 2.03 
26 4.03 4.38 3.91 4.54 
27   4.33 4.88 1.34 
28   1.76 3.60   
29     3.41   

Mean Elongation 
(MPa) 

4.73 5.06 3.98 2.82 
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4.2.1.2 Pareto diagram of tensile properties 

 

The effects of oxide films and shrinkage porosity on the tensile properties were estimated 

using Yates’ algorithm. Tables 4.15 and 4.16 show the calculations of the relative effects 

on the UTS and the elongation produced by the two defects and their interactions. 

Figures 4.64a and 4.64b show the Pareto diagrams obtained from the results in Tables  

4.15 and 4.16 respectively. These show that there was an effect produced by the oxide 

film defect (column A) on UTS of about 9 MPa and on elongation of about 1.5%. There 

was no significant effect of shrinkage porosity on UTS (column B) and therefore no 

evidence for an interaction between oxide films and shrinkage porosity (column AB) in 

this experiment. This suggested that the mould rotation method that was applied to 

minimize solidification shrinkage in the low shrinkage castings produced little effect on 

shrinkage porosity, when compared to the high shrinkage castings.  

 

 

Table 4.15 The effect of oxide film, shrinkage and their interactions to ultimate tensile 

strength (UTS) using Yate’s algorithm. 

 
UTS 

(MPa) 
1 2 estimate of effect 

(1) 295.85 586.52 1168.74 584.37 
effect of oxide film: A 290.67 582.22 -18.04 -9.02 
effect of shrinkage: B 297.54 -5.18 -4.30 -2.15 

AB 284.68 -12.86 -7.68 -3.84 

 

Table 4.16 The effect of oxide film, shrinkage and their interactions to Elongation using 

Yate’s algorithm. 

 

Elongation 

(%) 1 2 estimate of effect 

(1) 4.73 8.71 16.59 8.30 
effect of oxide film: A 3.98 7.88 -2.99 -1.50 
effect of shrinkage: B 5.06 -0.75 -0.83 -0.42 

AB 2.82 -2.24 -1.49 -0.75 
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 (a) (b)  

Figure 4.64 Pareto diagrams showing the effects of the two defects and their inter-

relationship on (a) the UTS (b) the percent elongation value of the castings (A = 

effect of oxide film, B = effect of Shrinkage) 

 

 

4.2.1.3 Examination of fracture surfaces 

 

The fracture surfaces of all test bars obtained from each experimental combination were 

examined by visual inspection. This showed that no large double oxide film defect was 

observed. The low UTS test bars were further examined by digital camera and scanning 

electron microscopy. The presence of double oxide film defects was observed but they 

were smaller in size compared to that found in the previous experiment (i.e. Figures 4.6, 

4.10, 4.13 and 4.16). Figure 4.65 shows macrographs of the fracture surfaces of test bar 3 

from the high oxide film and low shrinkage castings, (UTS of 251 MPa). Figures 4.66a 

to 4.66d show higher magnification SEM images obtained from these fracture surfaces. 

The associated EDX analysis results have been shown in Figures 4.67a to 4.67d. These 

showed that the test bar contained double oxide film defects of about 1 mm in length, 

which were symmetrical on both sides of the fracture surfaces, and this defect might 

have resulted in a reduction in tensile properties. Figure 4.68 shows the fracture surfaces  

of another test bar with low UTS (of about 245 MPa) obtained from test bar 3 of the high 
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oxide film and high shrinkage castings. As expected, the decrease in the tensile 

properties was caused by the presence of double oxide film defects since the high 

magnification SEM images and their EDX analysis results, shown in Figures 4.69a to 

4.69d and Figures 4.70a to 4.70d respectively, showed oxide films on both sides of 

fracture surfaces. The SEM images of oxide films and the small oxygen peaks from the 

EDX analysis results suggested that the oxide films observed in this experiment were 

young oxide films, which might newly form during mould filling.  

 

   

 

 

  

 

 

 

 

 

 

 

 

 

Figure 4.65 Photograph showing the fracture surfaces of test bar 3 obtained from the 

high oxide film and low shrinkage casting. 
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(a) (b) 

 

 

 

 

 

 

 (c) (d) 

Figure 4.66 The scanning electron micrographs showing the close-up images of oxide 

films on the fracture surfaces from areas A to D in Figure 4.65.   
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 (c) (d) 

Figure 4.67 The EDX analysis results obtained from points A to d in figures 4.66a to 

4.66d. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.68 Photograph showing the fracture surfaces of test bar 3 obtained from the 

high oxide film and high shrinkage casting. 
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 (c) (d) 

Figure 4.69 The scanning electron micrographs showing the close-up images of oxide 

films on the fracture surfaces from areas A to D in Figure 4.68.   
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 (c) (d) 

Figure 4.70 The EDX analysis results obtained from points A to D in figures 4.69a and 

4.69d. 

 

 

4.2.1.4 Weibull analysis 

 

Figures 4.71 and 4.72 respectively show the distribution histograms of the UTS and 

elongation data obtained from the 4 combinations of castings. The distribution of tensile 

properties in the experiment was characterized by a non-normal distribution. Therefore, 

the Weibull distribution model was used for describing the tensile property data.  

 

Figures 4.73a and 4.73b show graphs of probability of fracture versus UTS, and Weibull 

plots obtained from the UTS data respectively. The graphs of probability of fracture 

versus elongation and Weibull plots obtained from the elongation data have been shown 

in Figures 4.74a and 4.74b respectively. The Weibull modulus and the R values obtained 

from the UTS and elongation data, for all experimental combinations, have been shown in 

Table 4.17. The Weibull plots showed that the low oxide film and low shrinkage castings 

had the highest UTS and elongation Weibull modulus of about 52 and 4.5 respectively. The 

results again demonstrated that oxide film defects produced a scatter of tensile properties by 

decreasing the Weibull modulus, particularly the UTS Weibull modulus. For example, in the 

high shrinkage castings the increase in oxide film content resulted in a reduction in the UTS 

Weibull modulus of about 23. The shrinkage porosity for this experimental level appeared 

to produce no significant effect on the distribution of tensile properties, for example, in 

the low oxide film castings, increasing shrinkage porosity resulted in a decrease in UTS 

Weibull modulus by only 2. 
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(a) low oxide film, low shrinkage 
 

 
 

 
 
 
 
 
 
 

(b) low oxide film, high shrinkage 
 
 
 
 
 
 
 
 
 
 

(c) high oxide film, low shrinkage 
 
 
 
 
 
 
 
 

 
 
 

(d) high oxide film, high shrinkage 
 

Figure 4.71 Frequency plots of ultimate tensile strength (UTS). 



 149 

0

5

10

15

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5

Frequency 

Elongation  
Range (%) 

0

5

10

15

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5

Frequency 

Elongation  
Range (%) 

0

5

10

15

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5

Frequency 

Elongation  
Range (%) 

Elongation  
Range (%) 

0

5

10

15

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5

Frequency 

 

 

 

 
  
 
 

(a) low oxide film, low shrinkage 
 
 
 
 
 

 
 
 
 
 

(b) low oxide film, high shrinkage 
 
 
 

 
 

 
 

 
 
 

(c) high oxide film, low shrinkage 
 
 
 
 

 
 

 
 
 
 

(d) high oxide film, high shrinkage 
 

Figure 4.72  Frequency plots of percent elongation. 
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Figure 4.73 The graphs showing (a) cumulative plots (b) Weibull plots of ultimate tensile 

strength (UTS) data. 
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Figure 4.74 The graphs showing (a) cumulative plots (b) Weibull plots of percent 

elongation data. 
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Table 4.17 Weibull modulus values obtained from the Weibull plots of ultimate tensile 

strength (UTS) (Figure 4.73b) and percent elongation (Figure 4.74b). 

 

Combination 
UTS 

Weibull 
modulus 

R 
Elongation 

Weibull 
modulus 

 
R 

low oxide film, low shrinkage 52.0 0.97 4.46 0.99 
low oxide film, high shrinkage 50.5 0.99 3.12 0.99 
high oxide film, low shrinkage 33.4 0.90 3.89 0.95 
high oxide film, high shrinkage 27.1 0.98 3.04 0.98 

 

 

The Weibull plots and the R values showed that the tensile properties of castings in this 

experiment had a Weibullian distribution as the fitted line matched the data well (the 

closer to 1 for the R value, the better fit of the line). However the presence of oxide films  

tended to change the distribution manner by reducing the R value, for example, in the 

low shrinkage casting the R value decreased from 0.97 to 0.90. It can be seen in the 

Weibull plot (Figure 4.73b) that the set of UTS data obtained from the high oxide film 

and low shrinkage castings did not plot as a good fit to the data because of the lowest 

UTS data point. SEM examination (see Figure 4.66) showed that the failure of this test 

bar was caused by double oxide film defects. This suggested that the difference in failure 

mechanism influenced the distribution of tensile properties so as not to be plotted as a 

linear line by a single-defect Weibull distribution. As in the previous experiment, the 

Weibull distribution can be divided with two trend-lines for the different failure 

mechanisms (as shown in Figures 4.33a and 4.33b). Figure 4.75 shows the Weibull 

distribution of the UTS data obtained from the high oxide film and low shrinkage 

castings plotted as two separated groups. It can be seen that a better linear fit was 

obtained (with R values of 0.98) when the lowest UTS test bar, which failed by double 

oxide film defects, was not considered. The Weibull plot also showed that the new 

Weibull modulus obtained was at the same level of the low oxide film casting (of about 

52). The presence of double oxide film defects in the casting therefore affects the 

reliability and the distribution of tensile properties. 
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Figure 4.75 The graph showing the new Weibull plots of the UTS data of the high oxide 

film and low shrinkage castings considering two different failure 

mechanisms 

 

 

4.2.1.5 Casting microstructures 

 

Figures 4.76a to 4.76d show microstructures of the 4 types of castings obtained from the 

cross sections of heat-treated test bars. The images showed that the main defect observed 

was microporosity, which was located in the interdendritic region as was observed in the 

low hydrogen content castings (0.1 ml/100g metal) of the previous experiment (see Figures 

4.43a to 4.43d). Figure 4.77 shows higher magnification image of microporosity obtained 

from the high oxide film and high shrinkage castings. The irregular shape of the pores 

suggested that it was shrinkage porosity. This showed that there were some shrinkage 

porosity introduced in this experiment. However, the shrinkage porosity formed in the high 

shrinkage castings was not as much as expected.  

 

The micrographs also showed an interaction between shrinkage porosity and oxide films  

since the shrinkage porosity contained oxide film in the interior surface. Figure 4.78 shows 

an SEM image of shrinkage porosity obtained from the high oxide film and high shrinkage 
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casting and the EDX analysis result has been shown in Figure 4.79. The presence of 

oxygen at the internal surface of pore, therefore, suggested that oxide films might associate 

with the formation of shrinkage porosity in the castings.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (a) low oxide film, low shrinkage (b) low oxide film, high shrinkage 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (c) high oxide film, low shrinkage (d) high oxide film, high shrinkage 

 

Figure 4.76 Optical micrograph showing microstructures of the castings for 4 

experimental combinations. 
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Figure 4.77 Optical micrograph showing shrinkage porosity in the high oxide film and 

high shrinkage casting. 

 

 

 

 

 

 

 

Figure 4.78 The scanning electron micrograph obtained from the high oxide film and 

high shrinkage casting showing oxide film at the surface of microporosity. 

 

 

 

 

 

 

Figure 4.79 The EDX analysis results obtained from point A in figure 4.78. 

A 
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4.2.1.6 Image analysis 

 

The micrographs obtained from the runner bars of each experimental combination were 

subjected to image analysis. Table 4.18 shows the results of porosity area, number of 

pores per cm2 and mean pore size obtained by image analysis. As might be expected the 

combination of low oxide film and low shrinkage had the lowest values (0.38 % porosity 

area, 1554 pores/cm2 and 245 µm2 respectively). The porosity values obtained were at 

the same level as the results of the low hydrogen (0.1 ml/100g metal) and low oxide film 

casting in the previous experiment (see Table 4.9). The results showed that increasing 

oxide film content influenced the presence of porosity in the casting, particularly the 

number of pores. For example, in the low shrinkage castings the increase in oxide film 

content resulted in an increase in number of pores by 10% (from 1554 to 1724 

pores/cm2), while increasing the amount of shrinkage in this experiment appeared to 

have no significant effect on the presence of porosity.  

 

 

Table 4.18 Image analysis results obtained from 4 experimental combinations. 

 

Combination Porosity area 
(%) 

Number of pore per 
cm2 

Mean pore size 
(µm2) 

low oxide film, low shrinkage 0.38 1554 245 
low oxide film, high shrinkage 0.49 1565 313 
high oxide film, low shrinkage 0.55 1724 319 
high oxide film, high shrinkage 0.49 1698 289 

 

 

Tables 4.19, 4.20 and 4.21 show the Yate’s algorithm calculation obtained from the 

porosity area, number of pores per cm2, and pore size results respectively. Pareto 

diagrams illustrating the relative effects of oxide films, shrinkage and their interactions 

have been shown in Figures 4.80a, 4.80b and 4.80c respectively. These show that oxide 

film (column A) had some effect on the formation of porosity, particularly the number of 

pores. The increase in oxide film content resulted in an increase in the numbers of pores 

of about 10% or 150 pores/cm2 in the castings. The Pareto diagrams also suggested that 
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the interaction between oxide film and shrinkage had an effect on the size of pores by 

increasing pore size by about 20% or 50 µm2. 

 

 

Table 4.19 The effect of oxide film, shrinkage and their interactions on porosity area 

using Yate’s algorithm. 

 total 1 2 estimate of effect 

(1) 0.38 0.93 1.91 0.96 
Effect of oxide film: A 0.55 0.98 0.17 0.09 
Effect of shrinkage: B 0.49 0.17 0.05 0.03 

AB 0.49 0.00 -0.17 -0.09 
 

 

Table 4.20 The effect of oxide film, shrinkage and their interactions on number of pores 

per cm2 using Yate’s algorithm. 

 total 1 2 estimate of effect 

(1) 1554 3278 6541 3270.50 
Effect of oxide film: A 1724 3263 303 151.50 
Effect of shrinkage: B 1565 170 -15 -7.50 

AB 1698 133 -37 -18.50 
 

 

Table 4.21 The effect of Oxide film, Shrinkage and their interactions on pore size using 

Yate’s algorithm. 

 total 1 2 estimate of effect 

(1) 245 564 1166 583.00 
Effect of oxide film: A 319 602 50 25.00 
Effect of shrinkage: B 313 74 38 19.00 

AB 289 -24 -98 -49.00 
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 (c) 

Figure 4.80 Pareto diagrams showing the effects of two defects and their 

interrelationships on (a) the porosity area (b) the number of pore per cm2 and 

(c) the pore size (A = effect of oxide film, B = effect of shrinkage). 
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4.2.2 Interactions between oxide film and shrinkage porosity in cast Al-7Si-0.2Mg-1.1Fe 

alloy   

 

4.2.2.1 Tensile properties 

 

Tables 4.22 and 4.23 show the UTS and elongation values obtained from the 4 types of 

castings. The results demonstrated that the high oxide film and high shrinkage castings  

had the lowest UTS (of 229 MPa), while the best UTS was obtained from the low oxide 

film and high shrinkage combination (of 236 MPa). It can be seen that the mean 

elongation of all castings in this experiment was about 0.5%. As shown in the previous 

experiment (section 4.1), the Fe-rich phase had the greatest effect on tensile properties, 

therefore the UTS and elongation values obtained from this experiment (1.1 wt% Fe) 

were very low compared to the low Fe content castings, 0.1 wt% Fe, (see Tables 4.1, 4.2, 

4.13 and 4.14). The increase in oxide film defects resulted in a slight reduction in the 

tensile properties, particularly the UTS, while the shrinkage porosity introduced in this 

experiment had a negligible effect on both UTS and elongation.  

 

4.2.2.2 Pareto diagram of tensile properties 

 

Figures 4.81a and 4.81b respectively show the relative effects of the oxide film and 

shrinkage porosity defects on the UTS and elongation and their interrelationships 

obtained from the results of the calculation using Yates’ algorithm, (shown in Tables 

4.24 and 4.25). The oxide film defects had a small effect on the tensile properties 

(column A) by decreasing the UTS by about 6 MPa or 3% of the mean UTS values, 

which was the same level as in the previous experiment examining the interactions 

between oxide film and shrinkage porosity in cast Al-7Si-0.3Mg-0.1Fe alloy (section 

4.2.1). The Pareto diagrams also showed that there was no noticeable effect produced by 

shrinkage (column B) or interaction between oxide films and shrinkage (column AB) in 

this experiment.       
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Table 4.22 Ultimate Tensile Strength (UTS) values of Al-7Si-0.2Mg-1.1Fe alloy for 4 

experimental combinations. 

 

Test bar Ultimate Tensile Strength (MPa) 

No. Low oxide 
film and low 

shrinkage 

Low oxide 
film and high 

shrinkage 

High oxide 
film and low 

shrinkage 

High oxide 
film and high 

shrinkage 

1 253.61 257.12 249.59 228.12 
2 251.45 242.41 232.58 241.35 
3 234.85 253.40 239.74 252.08 
4 248.56 248.61 225.42 144.45 
5 244.59 241.35 230.97 198.45 
6 222.59 243.65 235.45 237.78 
7 254.51 211.76 176.45 231.70 
8 228.36 219.38 208.77 222.94 
9 258.84 237.99 239.38 233.49 
10 188.68 259.72 230.60 254.58 
11 207.80 241.34 233.64 227.41 
12 193.37 233.04 245.66 238.67 
13 222.59 261.97 251.40 233.13 
14 235.39 220.72 196.30 228.48 
15 245.68 218.91 259.23 205.45 
16 255.05 241.35 216.11 252.37 
17 247.84 211.39 226.42 233.71 
18 248.16 240.80 264.45 207.58 
19 242.78 171.24 245.08 233.53 
20 244.21 241.35 168.30 238.50 
21 220.62 251.40 237.97 209.00 
22 253.51 247.09 225.89 211.49 
23 240.64 236.69 215.05 242.95 
24 236.39 234.26 250.06 231.40 
25 240.99 231.43 234.26 246.40 
26 231.47 242.06 236.62 232.24 
27 229.89 233.73 239.64 248.65 
28 195.54  198.58 228.75 
29   240.63 229.36 
30    244.27 

Mean UTS (MPa) 234.93 236.08 229.46 228.94 

 

 

 



 161 

Table 4.23 Elongation values of Al-7Si-0.2Mg-1.1Fe alloy for 4 experimental combinations. 

Test bar Elongation (%) 

No. Low oxide 
film and low 

shrinkage 

Low oxide 
film and high 

shrinkage 

High oxide 
film and low 

shrinkage 

High oxide 
film and high 

shrinkage 

1 0.68 0.72 0.82 0.52 
2 0.62 0.54 0.54 0.60 
3 0.56 0.62 0.66 0.68 
4 0.76 0.31 0.37 0.10 
5 0.56 0.52 0.41 0.24 
6 0.36 0.48 0.64 0.60 
7 0.80 0.28 0.16 0.62 
8 0.52 0.37 0.24 0.64 
9 0.82 0.50 0.88 0.49 
10 0.25 0.66 0.64 0.88 
11 0.33 0.50 0.52 0.49 
12 0.31 0.52 0.60 0.66 
13 0.35 0.70 0.60 0.60 
14 0.48 0.33 0.24 0.60 
15 0.56 0.32 1.12 0.40 
16 0.72 0.64 0.33 0.62 
17 0.66 0.39 0.34 0.70 
18 0.78 0.52 0.88 0.40 
19 0.56 0.11 0.52 0.60 
20 0.64 0.64 0.12 0.58 
21 0.39 0.61 0.48 0.38 
22 0.94 0.82 0.41 0.42 
23 0.52 0.39 0.42 0.66 
24 0.54 0.41 0.68 0.46 
25 0.48 0.41 0.46 0.60 
26 0.54 0.47 0.48 0.60 
27 0.56 0.46 0.37 0.50 
28 0.30   0.21 0.33 
29    0.84 0.50 
30       0.64 

Mean Elongation (%) 0.54 0.49 0.52 0.54 
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Table 4.24 The effect of oxide film, shrinkage and their interactions to ultimate tensile 

strength (UTS) using Yate’s algorithm. 

 total 1 2 estimate of effect 

(1) 234.93 464.39 929.41 464.71 
effect of oxide film: A 229.46 465.02 -12.61 -6.31 
effect of shrinkage: B 236.08 -5.47 0.63 0.31 

AB 228.94 -7.14 -1.67 -0.84 

 

Table 4.25 The effect of oxide film, shrinkage and their interactions to elongation using 

Yate’s algorithm. 

 total 1 2 estimate of effect 

(1) 0.54 1.06 2.09 1.05 
effect of oxide film: A 0.52 1.03 0.03 0.02 
effect of shrinkage: B 0.49 -0.02 -0.03 -0.02 

AB 0.54 0.05 0.07 0.04 

 

 

 

 

 

 

 

 

 (a) (b) 

Figure 4.81 Pareto diagrams showing the effects of two defects and their inter-

relationship on (a) the UTS (b) the percent elongation value of the castings  

(A = effect of oxide film, B = effect of Shrinkage). 
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4.2.2.3 Examination of fracture surfaces 

 

The fracture surfaces of test bars were examined by scanning electron microscopy. 

Figures 4.82a to 4.82d show SEM images of fracture surfaces and the associated EDX 

analysis results have been shown in Figures 4.83a to 4.83d. The images revealed that the 

most frequent microstructural defect observed was β-Al5FeSi phase, with a platelet-like 

morphology. The Fe-rich phase was brittle and appeared to be the initiator of fracture in 

the castings since cracks in the Fe-rich phases were found on the fracture surface of all 

test bars. Therefore, the presence of Fe-rich phase, particularly the β-Al5FeSi platelet, 

was a major cause in the reduction in tensile properties of the casting.    

 

 

 

 

 

 

 

 (a) (b) 

 

 

 

 

 

 

 

 (c) (d) 

Figure 4.82 The scanning electron micrographs obtained from the fracture surfaces of 

the test bars showing the brittle platelet morphology of Fe-rich phase.   

C 

A 

B 
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 (a) (b)  

 

 

 

 

 

 (c) (d) 

Figure 4.83 The EDX analysis results obtained from points A to D in figures 4.82a to 

4.82c. 

 

 

The fracture surfaces of the lowest UTS test bar (test bar 4, 145 MPa) of the high oxide 

film and high shrinkage castings have been shown in Figure 4.84. It can be seen that both 

sides of the fracture surfaces contained large oxide films. Figures 4.85a to 4.85d show 

higher magnification SEM images of the fracture surfaces and their EDX analysis results 

have been shown in Figures 4.86a to 4.86d. These show the double nature of the oxide 

film defect, with no bond between the surfaces, and that it was the type of defect that 

could be opened by the fracture. The large double oxide films influenced the tensile 

properties of the casting, significantly decreasing the UTS by about 85 MPa from the 

mean UTS of about 230 MPa. 

 
 
 



 165 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.84 Photograph showing the large double oxide film defect on the fracture 

surfaces of test bar 4 obtained from the high oxide film and high shrinkage 

casting. 
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 (c) (d) 

Figure 4.85 The scanning electron micrographs showing the close-up images of oxide 

films on the fracture surfaces from areas A to D in Figure 4.84.   

 
 
 
 
 
 
 
 
 
 
 
 
 (a) (b) 
 
 
 
 
 
 
 
 
 
 
 

 (c) (d) 

 

Figure 4.86 The EDX analysis results obtained from points A to D in figures 4.85a to 

4.85d. 

C 
D 
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The SEM images also suggested an interaction between Fe-rich phases and oxide films, 

in that the oxide film was a nucleation site for the Fe-rich phase. Figure 4.87a and 4.87b 

show the back-scattered image of wrinkled oxide film on the fracture surface of test bar 4 

obtained from the high oxide film and high shrinkage casting. It suggests the nucleation 

of β-Al5FeSi phase onto the wetted underside of the oxide film, which could be observed 

through the thin film as a light needle-like morphology. Figures 4.88a and 4.88b show 

associated EDX analysis results revealing the presence of O and Fe. Figures 4.89a to 

4.89d show more evidence of the nucleation of β-Al5FeSi phase on the underside of an 

oxide film, obtained from test bar 5 from a high oxide film and high shrinkage casting. 

The EDX analysis of the Fe-rich phase has been shown in Figure 4.90, again revealed the 

presence of oxygen.  

 

 

 

 

 

 

 

 

(a) (b) 

Figure 4.87 The scanning electron micrographs obtain from test bar 4 of the high oxide 

film and high shrinkage casting (a) showing the back-scattered image of 

oxide film on the fracture surface, and (b) higher magnification image 

obtained from Figure 4.84a  showing the Fe-rich phases nucleated 

underneath oxide film. 

 

 

 

A 
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 (a) (b) 

Figure 4.88 The EDX analysis results obtained from points A and B in figures 4.87b. 

 

 

 

 

 

 

 (a) (b) 

 

 

 

 

 

 (c) (d) 

Figure 4.89 The scanning electron micrographs obtain from test bar 5 of the high oxide 

film and high shrinkage casting showing (a) oxide film on the fracture 

surface, (b) the back-scattered image of Figure 4.89a, (c) and (d) the close-

up observation of the Fe-rich phases nucleated on oxide film obtained from 

Figure 4.89b. 

A 
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Figure 4.90  The EDX analysis result obtained from point A in figure 4.89d. 

 

 

Figure 4.91 shows the SEM image of fracture surface obtained from the high oxide film 

and low shrinkage casting and the EDX analysis results have been shown in Figures  

4.92a to 4.92c. These suggest the interaction between Fe-rich phase and porosity that the 

large β-phase platelets, which located in the interdendritic region, caused the presence of 

microporosity between them. The EDX analysis results also show that some Fe-rich 

phase associated with oxide films.    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.91 The scanning electron micrographs obtained form the fracture surface of the 

high oxide film and low shrinkage casting showing microporosity in the 

interdendritic region associated with Fe-rich phases and oxide film. 
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(c) 

 

Figure 4.92  The EDX analysis results obtain from points A to C in Figure 4.91. 

 

 

4.2.2.4 Weibull analysis 

 

Figures 4.93 and 4.94 show distribution histograms of the UTS and percent elongation 

data respectively obtained from the 4 types of castings. It can be seen that the 

distributions of tensile property data from the experiment were not normally distributed, 

therefore, the Weibull distribution model was used to describe them. Figures 4.95a to 

4.95c show graphs of probability of fracture versus UTS and Weibull plots obtained 

from the UTS data. The graphs of probability of fracture versus elongation and Weibull 
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plots obtained from the elongation data have been shown in Figures 4.96a to 4.96c. The 

Weibull modulus and R values obtained from the UTS and elongation data for all 

experimental combinations have been shown in Table 4.26.  

 

The results showed that the Weibull modulus of all experimental combinations were low 

compared to the previous experiment examining interactions between oxide film and 

shrinkage porosity in the low Fe content alloy (Table 4.17). For example, in the low 

oxide film and low shrinkage castings, The UTS and elongation Weibull modulus were 

about 14 and 3.6 respectively while they were about 52 and 4.5 in the previous 

experiment. The more widely spread tensile properties in this experiment, therefore, was  

caused by the increase in Fe-rich phases in the casting. This supported the results 

obtained from the experiment investigating interactions between Fe-rich phase, hydrogen 

porosity and oxide films that Fe-rich phase influence the reliability of tensile properties 

of cast aluminium alloys by decreasing the Weibull modulus (see column A in Figure 

4.34).  

 

Increasing oxide film defects appeared to have no significant effects on Weibull 

modulus, for example, the increase in oxide film in the high shrinkage castings resulted 

in a slight decrease in the UTS and elongation Weibull modulus of about 2.5 and 1.4 

respectively. The results also showed that the shrinkage porosity produced in this 

experimental level did not noticeably influence the Weibull modulus.  
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(a) low oxide film, low shrinkage 
 
 
 
 
 
 
 
 
 
 

(b) low oxide film, high shrinkage 
 
 
 
 
 
 
 
 
 
 

(c) high oxide film, low shrinkage 
 
 
 
 
 
 
 
 
 
 

(d) high oxide film, high shrinkage 
 
Figure 4.93 Frequency plots of ultimate tensile strength (UTS). 
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(a) low oxide film, low shrinkage 
 
 

 
 
 
 
 
 
 
 

(b) low oxide film, high shrinkage 
 
 
 
 
 
 
 
 
 
 
 

 (c) high oxide film, low shrinkage 
 

 
 
 
 
 
 
 
 
 
 

(d) high oxide film, high shrinkage 
 

Figure 4.94 Frequency plots of percent elongation. 
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Figure 4.95 The graphs showing a) cumulative plots, b) and c) Weibull plots of ultimate 

tensile strength (UTS) data. 
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Figure 4.96 The graphs showing a) cumulative plots, b) and c) Weibull plots of percent 

elongation data. 
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Table 4.26 Weibull modulus values obtained from the Weibull plots of ultimated tensile 

strength (UTS) (Figures  4.95b and 4.95c) and percent elongation (Figures  

4.96b and 4.96c). 

 

Combination 
UTS 

Weibull 
modulus 

 
R 

Elongation 
Weibull 
modulus 

 
R 

low oxide film, low shrinkage 14.2 0.98 3.64 0.98 
low oxide film, high shrinkage 14.0 0.96 3.04 0.97 
high oxide film, low shrinkage 11.7 0.98 2.37 0.99 
high oxide film, high shrinkage 10.8 0.92 2.92 0.93 

 

 

The Weibull plots and the results in Table 4.26 show that, although the Weibull moduli 

in this experiment were low, the tensile property data plotted linearly as in a single defect 

Weibullian distribution manner. This means that the test bars had the same failure 

mechanism, caused by brittle Fe-rich phases in the casting, as  shown in Figures 4.82a to 

4.82d. However, the presence of double oxide film defect influenced the distribution of 

data by decreasing the R value of Weibull modulus. For example, increasing oxide films  

in the high shrinkage castings resulted in a decrease in the R value of the UTS Weibull 

modulus from 0.98 to 0.92. Figure 4.95c shows that most of the UTS data was plotted as 

a linear line except the lowest UTS data point. Again, the SEM images showed that the 

failure of this test bar was caused by a large double oxide film defect (see Figure 4.84). 

Therefore a better linear fit can be obtained if the Weibull distribution is divided with 

two trend-lines by the different failure mechanism as shown in Figure 4.97. The new 

trend-line shows that Weibull modulus was increased to 14.7, which was the same level 

of the low oxide film castings, after the test bar with the low UTS was taken out, and the 

R value also increased to 0.98. 
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Figure 4.97 The graph showing the new Weibull plots of the UTS data of the high oxide 

film and low shrinkage castings considering two different failure 

mechanisms 

 

 

4.2.2.5 Casting microstructures 

 

The microstructure of the high oxide film and low shrinkage castings obtained from the 

cross sections of the heat-treated test bar have been shown in Figure 4.98. It can be 

noticed that the increase in the Fe content (to 1.1 wt% Fe) in cast aluminium alloys 

directly resulted in an increase in the size of β-Al5FeSi phase, the needle-like platelet, 

compared to the other low Fe content castings (see Figures 4.38 and 4.42). Figures 4.99a 

to 4.99d show microstructures obtained from the cross sections of heat-treated test bars 

of the 4 types of castings. Apart from Fe-rich phases, the main defect observed in this 

experiment was microporosity as found in the other low hydrogen casting (Figures 4.43 

and 4.76). Figure 4.100 obtained from the cross sections of the runner bars of the high 

oxide film and high shrinkage casting showed that the microporosity was located in the 

interdendritic region. The micrograph also showed an interaction between porosity and 

Fe-rich phase because Fe-rich phases were found at the edges of pores. 
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Figure 4.98 Optical micrograph of cross section of heat-treated test bars obtained from 

high oxide film and low shrinkage combination showing microstructure of 

the casting. 

 
 
 
 
 
 
 
 
 
 
 

 (a) low oxide film and low shrinkage (b) low oxide film and high shrinkage 
 
 
 
 
 
 
 
 
 
 
 
 

 (c) high oxide film and low shrinkage (d) high oxide film and high shrinkage 

Figure 4.99 Optical micrograph showing microstructures of the castings for 4 

experimental combinations. 

β-Al5FeSi 

Si phase  
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Figure 4.100 Optical micrograph showing microporosity in the castings associated with 

Fe-rich phases obtained from high oxide film and high shrinkage 

combination. 

 

 

4.2.2.6 Image analysis 

 

The runner bars of each combination of castings were examined by optical microscopy 

and subjected to image analysis. The results of porosity area, number of pores and pore 

size measurements obtained from image analysis are shown in Table 4.27. These show 

that the low oxide film and high shrinkage castings had the lowest porosity (porosity area 

of about 0.3 %, number of pores of about 1200 pores/cm2 and mean size of pore of about 

250 µm2). Tables 4.28, 4.29 and 4.30 show the Yate’s algorithm calculation for the 

porosity area, number of pore and pore size results respectively. Pareto diagrams 

illustrating the relative effects of oxide films, shrinkage and their interactions are shown 

in Figures 4.101a, 4.101b and 4.101c. The Pareto diagrams showed that oxide film 

(column A) had an effect on the number of pores of about 950 pore/cm2, or about an 

80% increase, while the effect on porosity area was 0.2% or about a 70% increase. 

Increasing oxide film content in the castings influenced the presence of porosity by 

increasing the number of pores, and hence the pore area. The shrinkage introduced in the 

experiment appeared to have no significant effect on the presence of porosity in this 

experiment. However, the results suggested an effect due to an interaction between oxide 

film and shrinkage (column AB) on the pore size as was obtained from the previous 

β-Al5FeSi 
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experiment (see Figure 4.80c). Their interaction increased the pore size by about 10% or 

30 µm2.  

 

 

Table 4.27 Image analysis results obtained from 4 experimental combinations. 

 

Combination Porosity area 
(%) 

Number of pore per 
cm2 

Mean pore size 
(µm2) 

low oxide film, low shrinkage 0.30 1193 255 
low oxide film, high shrinkage 0.28 1102 257 
high oxide film, low shrinkage 0.54 2003 268 
high oxide film, high shrinkage 0.47 2202 213 

 

 

 

Table 4.28 The effect of oxide film, shrinkage and their interactions on porosity area 

using Yate’s algorithm. 

 total 1 2 estimate of effect 

(1) 0.30 0.84 1.59 0.80 
effect of oxide film: A 0.54 0.75 0.43 0.22 
effect of shrinkage: B 0.28 0.24 -0.09 -0.05 

AB 0.47 0.19 -0.05 -0.03 

 

 

Table 4.29 The effect of oxide film, shrinkage and their interactions on number of pore 

per cm2 using Yate’s algorithm. 

 total 1 2 estimate of effect 

(1) 1192 3195 6499 3249.50 
effect of oxide film: A 2003 3304 1911 955.50 
effect of shrinkage: B 1102 811 109 54.50 

AB 2202 1100 289 144.50 
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Table 4.30 The effect of oxide film, shrinkage and their interactions to size of pore using 

Yate’s algorithm. 

 total 1 2 estimate of effect 

(1) 255 523 993 496.50 
effect of oxide film: A 268 470 -31 -15.50 
effect of shrinkage: B 257 13 -53 -26.50 

AB 213 -44 -57 -28.50 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 

 

 

 

 

 

 

 

 (c) 

Figure 4.101 Pareto diagrams showing the effects of two defects and their 

interrelationships on (a) the porosity area (b) the number of pore per cm2 

and (c) the pore size (A = effect of oxide film, B = effect of shrinkage). 
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4.3 Effects of entrained oxide films on the formation of hydrogen porosity in high 

purity aluminium and a high purity Al-Si alloy. 

 

This experiment was carried out to investigate the effects produced by entrained oxide 

film defects on the formation of porosity in high purity aluminium and a high purity Al-

7Si alloy containing dissolved hydrogen. As shown in Table 3.5, the high purity 

aluminium and high purity Al-7Si alloys used contained about 0.01 wt% Fe. Two types 

of castings were made with two different oxide film contents obtained by using a 

ceramic filter.    

 

4.3.1 Effect of entrained oxide films on the formation of hydrogen porosity in high purity 

aluminium  

 

4.3.1.1 Image analysis 

 

Figures 4.102a and 4.102b show micrographs obtained from the cross section of runner 

bars of the low oxide film and high oxide film castings respectively. Microporosity was 

observed in both castings. Although the hydrogen content in both castings was high (0.4 

ml/100g metal),  the images show that the size of pore was smaller than that found in the 

high hydrogen content castings in the other experiment (see Figures 4.43e to 4.43h). 

 

Table 4.31 shows measurements of porosity area, number of pores per cm2 and pore size 

of the low and high oxide film castings obtained by image analysis. It can be seen that 

the low oxide film casting had the lowest porosity area of 0.29% while the high oxide 

film casting had a porosity area of 0.36%. The porosity area results of both castings were 

very low compared to the high hydrogen content casting in the previous experiment to 

examine the interactions between Fe-rich phase, hydrogen porosity and oxide films  

(Table 4.9) where the area of porosity was about 3.0% (and where the hydrogen content 

was 0.45 ml/100g). This suggested that, beside hydrogen content, another factor was 

required for the formation of porosity in castings.  
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The results showed that entrained oxide films directly influenced the presence of 

porosity by increasing the porosity area and number of pores in the castings. For example, 

increasing oxide film content resulted in an increase in porosity area of 0.07 %, (a 20% 

increase), and an increase in the number of pores by about 300 pores per cm2 (a 40% 

increase). However the increase in oxide film appeared to decrease the average pore size 

from 364 to 314 µm2. This suggested that porosity in the high oxide film casting formed 

with a smaller size, but in greater numbers and had a higher number density of pores than 

in the case of the low oxide film casting.      

 

 

 

 

 

 

 

 

 

 

 (a) (b) 

 

Figure 4.102 Optical micrograph showing microstructures obtained from (a) the low 

oxide films casting and (b) the high oxide films casting. 

 

 

Table 4.31 Image analysis results obtained from the high purity aluminium castings. 

 

Oxide film 
content 

Pore area  
(%) 

Number of pore 
per cm2 

Average pore size 
(µm2) 

Low 0.29 802 364 

High 0.36 1110 314 
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4.3.1.2 Casting microstructures 

 

Figures 4.103 to 4.106 show SEM images of microporosity obtained from the runner bar 

of the low and high oxide film castings, and EDX analysis of pores, respectively. It can 

be noticed that the internal surface of more than 95% of observed pores in this 

experiment (about 20 pores for each casting were examined) contained oxygen, 

suggesting that oxide films played a role in the formation of porosity.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.103 The scanning electron micrographs obtained the low oxide film casting 

showing microporosity.  

 

 

 

 

 

 

 

Figure 4.104 The EDX analysis result obtained from point A in Figure 4.103. 

 

A 
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Figure 4.105 The scanning electron micrographs obtained from the runner of the high 

oxide film casting showing microporosity contained the oxide film. 

 

 

 

 

 

 

 

 

 

Figure 4.106 The EDX analysis result obtained from point A in Figure 4.105. 

 

 

Figure 4.107 shows another SEM image of porosity obtained from the high oxide film 

casting, with the EDX analysis shown in Figure 4.108a. Oxide film was detected at the 

internal surface of the pore, but the EDX analysis result in Figure 4.108b also showed the 

presence of Fe intermetallic phases at the edge of the pore. This suggested an interaction 

between oxide film and Fe-rich phase that influenced the porosity formation mechanism 

in some way. 
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 (a) (b) 

Figure 4.107 The scanning electron micrographs obtained from the high oxide film 

casting showing (a) the Fe-rich phase associated with porosity in the 

casting (b) the back-scattered image of Figure 4.107a. 

 

 

 

 

 

 (a) (b) 

Figure 4.108 The EDX analysis results obtained from points A and B in Figure 4.107a 

and 4.107b. 

 

 

Figures 4.109a and 4.109b show an oxide-related pore obtained from the low oxide film 

casting, for which the EDX analysis result has been shown in Figure 4.110. The SEM 

images in Figures 4.111a and 4.111b, and the EDX analysis results in Figures 4.112a and 

4.112b show other oxide films observed in the low oxide film casting. These results 

suggested that entrained oxide films were to be found in every casting. Although a filter 

was used, the presence of entrained oxide films was still unavoidable.   

A B 
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(a) (b) 

Figure 4.109 The scanning electron micrographs obtained from the low oxide film 

casting showing (a) double oxide films defect (b) the higher magnification 

of selected area in figure 4.109a. 

 

 

 

 

 

 

 

Figure 4.110  The EDX analysis result obtained from point A in Figure 4.109b. 
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 (a) (b)  

Figure 4.111 The scanning electron micrographs obtained the low oxide film casting 

showing oxide film defects in the castings. 

 

 

 
 

 

 

 

 (a) (b) 

Figure 4.112 The EDX analysis results obtained from points A and B in Figure 4.111a 

and 4.111b. 

 

Figures 4.113 and 4.114a to 4.114e show an extensive oxide film, with a millimetre in 

length, obtained from the high oxide film casting with associated EDX analysis results 

shown in Figures 4.115a to 4.115e. This kind of defect was occasionally observed in the 

unfiltered castings (as shown in Figures 4.50, 4.51, 4.53 and 4.54). The presence of a 

large oxide film defect suggested that greater surface turbulence was produced and, of 

course, resulted in a greater number of oxide films in the casting. 

A 
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Figure 4.113 The scanning electron micrographs obtained from the high oxide film 

casting showing the extensive double oxide films defects.  
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(e) 

Figure 4.114 The higher magnification of areas A to E obtained from Figure 4.113. 

 

 

 

 

 

 

 

 (a) (b) 

 

 

 

 

 

 

 (c) (d) 
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(e) 

 

Figure 4.115 The EDX analysis results obtained from points A and E in Figures 4.114a 

to 4.114E. 

 

 

 

4.3.2 Effects of entrained oxide films on the formation of hydrogen porosity in a high 

purity Al-Si alloy 

 

4.3.2.1 Image analysis 

 

Figures 4.116a and 4.116b show micrographs obtained from the low oxide film and high 

oxide film castings respectively. The main defect observed was gas porosity, as expected 

due to the high hydrogen content of the casting (0.38 ml/100 g metal). The images  show 

that gas porosity with a rounded shape was often observed in the low oxide film casting 

while the porosity observed in the high oxide film casting was smaller and some had an 

irregular shape.  
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 (a) (b) 

Figure 4.116 Optical micrograph showing porosity defects obtained from (a) the low 

oxide film casting and (b) the high oxide film casting. 

 

 

Table 4.32 shows image analysis results of porosity area, number of pore per cm2 and 

pore size measurements obtained from the low and high oxide film casting. The low 

oxide film casting had a greater pore area and pore size, about 3.67 % and 1996 µm2 

respectively, while the number of pores per cm2 was 1878 pores. The results show that 

the presence of porosity in the casting was at the same level, compared to the high 

hydrogen content casting (0.45 ml/100g metal) in the previous experiment that examined 

the effect of Fe-rich phase, hydrogen porosity and oxide films where area of porosity was 

about 3.0% (see porosity area in Table 4.9). However the area of porosity of the casting 

in this experiment was significantly greater than in the case of the high purity aluminium 

alloy (see Table 4.31). This suggested that the alloying element influenced the porosity 

formation in the casting. 

 

Oxide film defects appeared to affect the formation of porosity since the increase in 

oxide film content resulted in an increase in the number of pores of about 1200 pores per 

cm2, (a 60% increase), while a reduction in the pore area and the pore size of about 0.6% 

and 1000 µm2 respectively was observed. This suggested that the high oxide film casting 

had a higher number density of pores than the low oxide film casting. 
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Table 4.32 Image analysis of the high purity Al-7Si alloy castings. 

 

Oxide film 
content 

Pore area  
(%) 

Number of pore 
per cm2 

Average pore size 
(µm2) 

Low 3.67 1878 1996 

High 3.09 3060 1030 

 

4.3.2.2 Casting microstructures 

 

Figures 4.117a and 4.117b show SEM images of gas porosity obtained from the low 

oxide film castings and Figure 4.118 shows the EDX analysis result. Figures 4.119a and 

1.119b show an example of porosity obtained from the high oxide film castings and 

associated EDX analysis results have been shown in Figures 4.120a and 4.120b. The 

images suggested an interaction between oxide film and gas porosity since oxide was  

detected at the internal surface of more than 95% of examined pores (about 20 pores 

from each casting). Comparing the pore size with the high purity aluminium experiment 

(see Figures 4.103 and 4.105), the porosity produced in this experiment was larger. This 

shows that Si, as an alloying element, influenced the formation of porosity in the castings.  

 

 

 

 

 

 

 

 (a) (b) 

Figure 4.117 The scanning electron micrographs of cross section of the runner obtained 

from the low oxide film casting showing (a) gas porosity in the casting (b) 

the higher magnification of the porosity from figure 4.117a. 
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Figure 4.118  The EDX analysis results obtained from point A in figure 4.117b 

 

 

 

 

 

 

 

 

 

 (a) (b) 

Figure 4.119 The scanning electron micrographs of cross section of the runner bar 

obtained from the high oxide film casting showing porosity in the castings. 

 

 

 

 

 

 

 (a) (b) 

Figure 4.120 The EDX analysis results obtained from points A and B in figure 4.119a 

and 4.119b. 

B A 
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Figures 4.121a, 4.121b, and 4.122 show SEM images of a large oxide film defect 

obtained from the runner bar of the high oxide film casting and the EDX analysis result 

respectively. Figures 4.123a and 4.123b show another oxide film defect found in the high 

oxide film casting and the associated EDX analysis result has been shown in Figure 

4.124. The large oxide films defect occurred by the folding action of a great surface 

turbulence. These suggest that surface turbulence produced in the high oxide film casting 

was greater than the low oxide film castings and greater number of oxide film defects 

were therefore introduced in the high oxide film casting.  

 

 

 

 

 

 

 

 

(a) (b) 

Figure 4.121 The scanning electron micrographs obtained from the high oxide film 

casting showing a) double oxide films defects in the casting and b) the 

higher magnification of double oxide films from figure 4.121a. 

 

 

 

 

 

Figure 4.122 The EDX analysis result obtained from point A in figure 4.121b. 
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 (a) (b) 

Figure 4.123 The scanning electron micrographs obtained from the high oxide film 

casting showing (a) the other double oxide films defects in the casting (b) 

the higher magnification of oxide films from figure 4.123a. 

 

 

 

 

 

 

 

Figure 4.124 The EDX analysis result obtained from point A in figure 4.123b. 

 

 

In summary, the results from image analysis and SEM images suggested an interaction 

between oxide film and porosity in that the porosity was associated with entrained oxide 

films, since oxides were detected at the internal surface of the pores. Increasing oxide 

film content influenced porosity formation by increasing pore initiators and, thus, 

resulted in an increase in the number of pores in the casting. Adding Si to the alloy also 

affected the presence of porosity by greatly increasing the area of porosity. This suggests 

that Si had an effect on the formation of porosity in some way. 

 

A 
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4.4 Effect of entrained oxide films on the formation of shrinkage porosity in Al-Si-Mg 

alloy. 

 

This experiment was carried out in order to investigate any interrelationship between 

oxide films and shrinkage porosity in Al castings. Since the results in section 4.2 showed 

that shrinkage porosity had not been produced to the extent expected in the test bar 

mould, a plate mould was used in this experiment. The oxide film content in each casting 

was varied by differences in the amount of surface turbulence produced during the filling 

process. The density and the image analysis results obtained from each section of the 

castings were used to examine the role of entrained oxide films on the formation and 

distribution of shrinkage porosity. 

 

4.4.1 Density measurement results 

 

The plate mould was cast with three different running systems; 1) a filtered mould, 2) an 

unfiltered and unstoppered mould, and 3) an unfiltered and stoppered mould. As shown 

in the x-ray images (see Figures 3.11, 3.12 and 3.13), the flow of liquid metal in each 

mould produced a different entrained oxide film content, from low to high, in the order 

of the filtered mould, the unfiltered and unstoppered mould, and the unfiltered and 

stoppered mould, (in which the metal was stirred before casting also). Therefore the three 

castings were defined in this experiment as a low oxide film casting, a medium oxide 

film casting and a high oxide film casting.  

 

The plates obtained from all oxide film content castings were cut into 32 sections (see 

Figure 3.14) and their density measured by Archimedes’ method. The density 

measurement technique used in this experiment was determined to have an accuracy of ± 

0.005 kg/m3. The volume fraction of porosity was estimated by comparing the measured 

density, with the lower the density the more porosity in the casting. Tables 4.33, 4.34 and 

4.35 show the density results from the 32 sections and the mean density of each cast 

plate for the low oxide film, the medium oxide film and high oxide film castings  

respectively. The results show that the low oxide film casting had the highest mean 

density (of 2.67 kg/m3) while the high oxide film casting had the lowest mean density (of 
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2.62 kg/m3). The mean density of the medium oxide film casting was of an intermediate 

value, 2.65 kg/m3. This shows that the high oxide film castings contained the greatest 

porosity and the low oxide film casting had the lowest internal porosity. 

 

Table 4.33 Measured density results of 32 sections obtained from the low oxide film 

casting (the filtered casting). 

 

Part Mass (g.) 

weighed in air 

Mass (g.) 

weighed in air 

Density 

(kg/m3) 

1 25.248 15.870 2.692 
2 25.302 15.872 2.683 
3 24.214 15.184 2.682 
4 24.986 15.666 2.681 
5 24.479 15.354 2.683 
6 25.113 15.747 2.681 
7 24.735 15.529 2.687 
8 26.147 16.441 2.694 
9 24.792 15.552 2.683 
10 24.450 15.267 2.663 
11 23.477 14.606 2.646 
12 23.219 14.200 2.574 
13 22.860 14.036 2.591 
14 23.063 14.376 2.655 
15 23.762 14.852 2.667 
16 25.181 15.803 2.685 
17 25.446 15.961 2.683 
18 24.752 15.450 2.661 
19 24.540 15.218 2.632 
20 24.099 14.733 2.573 
21 23.231 14.298 2.601 
22 23.972 14.930 2.651 
23 24.655 15.405 2.665 
24 25.764 16.165 2.684 
25 26.436 16.613 2.691 
26 26.224 16.449 2.683 
27 24.956 15.637 2.678 
28 25.732 16.136 2.682 
29 25.425 15.945 2.682 
30 25.113 15.746 2.681 
31 26.543 16.658 2.685 
32 26.805 16.852 2.693 

Mean density   2.665 
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Table 4.34 Measured density results of 32 sections obtained from the medium oxide film 

casting (the unfiltered and unstoppered casting). 

 

Part Mass (g.) 

weighed in air 

Mass (g.) 

weighed in air 

Density 

(kg/m3) 

1 25.588 15.932 2.650 
2 24.123 15.110 2.676 
3 24.379 15.263 2.674 
4 24.109 15.110 2.679 
5 24.263 15.212 2.681 
6 24.606 15.428 2.681 
7 24.513 15.380 2.684 
8 23.994 14.372 2.494 
9 25.583 16.026 2.677 
10 22.579 14.097 2.662 
11 22.362 13.837 2.623 
12 23.675 14.485 2.576 
13 23.011 14.164 2.601 
14 22.682 14.120 2.649 
15 24.152 15.087 2.664 
16 25.914 16.260 2.684 
17 27.008 16.917 2.676 
18 23.186 14.470 2.660 
19 24.370 15.042 2.613 
20 22.411 13.644 2.556 
21 23.223 14.142 2.557 
22 23.794 14.669 2.608 
23 25.905 16.180 2.664 
24 25.271 15.857 2.684 
25 26.429 16.589 2.686 
26 24.894 15.600 2.679 
27 24.915 15.604 2.676 
28 25.482 15.958 2.676 
29 26.265 16.447 2.675 
30 24.899 15.600 2.678 
31 26.430 16.576 2.682 
32 26.580 16.696 2.689 

Mean density   2.650 
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Table 4.35 Measured density results of 32 sections obtained from the high oxide film 

casting (the unfiltered and stoppered casting). 

 
 

Part Mass (g.) 

weighed in air 

Mass (g.) 

weighed in air 

Density 

(kg/m3) 

1 25.637 15.913 2.636 
2 24.191 15.027 2.640 
3 24.877 15.454 2.640 
4 25.157 15.617 2.637 
5 25.437 15.792 2.637 
6 25.119 15.601 2.639 
7 25.466 15.834 2.644 
8 25.298 15.741 2.647 
9 26.189 16.254 2.636 
10 25.402 15.653 2.606 
11 24.726 15.136 2.578 
12 24.098 14.698 2.564 
13 24.765 15.205 2.590 
14 24.403 15.023 2.602 
15 24.320 15.038 2.620 
16 25.879 16.095 2.645 
17 26.142 16.216 2.634 
18 24.963 15.330 2.591 
19 25.790 15.532 2.514 
20 24.193 14.633 2.531 
21 25.219 15.461 2.584 
22 23.805 14.648 2.600 
23 24.247 14.986 2.618 
24 25.584 15.903 2.643 
25 26.414 16.424 2.644 
26 26.112 16.163 2.625 
27 26.594 16.414 2.612 
28 26.467 16.395 2.628 
29 25.611 15.890 2.635 
30 25.951 16.107 2.636 
31 26.512 16.482 2.643 
32 26.658 16.602 2.651 

Mean density   2.617 
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Figure 4.125 shows distributions of density data obtained from the 3 types of castings, 

which shows that the highest density was found in sections 1 to 10, 15 to 18, and sections 

24 to 32. A significant decrease in the density of the castings occurred in 2 main areas, 

(i.e. sections 11 to 14 and section 19 to 22), the central area of the cast plates. As shown 

in the computer model image, (see Figure 3.10), the centre of the plate was a hot spot 

during solidification, i.e., the last zone to solidify and, therefore, the greatest shrinkage 

was expected to be produced in this area. The distribution diagram also shows that the 

low oxide film and the medium oxide film contained shrinkage porosity at much the 

same level, and was similarly distributed. In the high oxide film casting, the increase in 

oxide film and hydrogen content (to 0.3 ml/100g metal) resulted in a decrease in density 

of every section.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.125 The distribution of density in 32 sections obtained from 3 oxide film 

content castings. 

 

 

4.4.2 Casting microstructure 

 

Figure 4.126 shows a macrograph of the 32 sections obtained from the low oxide film 

cast plate. The main defect observed was microporosity, as was expected considering the 

low hydrogen content of the casting (about 0.2 ml/100g metal). The porosity appeared to 
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be concentrated in the centre of the casting, suggesting that the porosity in the cast plate 

was mainly caused by shrinkage. Figure 4.127 shows a macrograph of the medium oxide 

film casting. Increasing surface turbulence during mould filling resulted in an increase in 

entrained oxide films and the image showed that several large oxide film defects were 

observed in the casting, for example, in sections 1 and 23. A large air bubble, which was  

trapped during solidification was seen in section 8, was also caused by the greater 

surface turbulence. The main defect observed in the medium oxide film casting was  

again microporosity, mostly located in the centre of the cast plate, as in the low oxide 

film casting. Figure 4.128 shows the macrograph of the high oxide film casting. 

Increasing oxide film content had a significant effect on the presence of porosity since 

numbers of porosity defects were clearly observed in every section of the casting. 

However, it is important to note that the higher hydrogen content (of about 0.3 ml/100g 

metal) in this casting would also influence the presence of porosity in the casting. The 

main porosity observed in the high oxide film casting was separately formed and well 

distributed, therefore, it seemed to be gas porosity. Shrinkage porosity, nonetheless, was 

also observed in the centre of the cast plate (higher magnification image would be shown 

later), but less in amount compared to the other castings.  

 

 

 

 

 

 

 

 

 

 

Figure 4.126 The macrograph showing the cross section of 32 sections of the low oxide 

film casting (filtered casting). 
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Figure 4.127 The macrograph showing the cross section of 32 sections of the medium 

oxide film casting (unfiltered and unstoppered casting). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.128 The macrograph showing the cross section of 32 sections of the high oxide 

film casting (unfiltered and stoppered casting). 
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Figures 4.129a and 4.129b show microstructures of the low oxide film casting obtained 

from sections 12 and 13 respectively. The porosity observed in this area was formed as 

connected microporosity in the interdendritic region, suggesting this was shrinkage 

porosity caused by inadequate feeding of volumetric shrinkage. Figures 4.130a and 

4.130b show SEM images obtained from the same sections and associated EDX analyses 

results have been shown in Figures 4.131a to 4.131c. These images showed that the 

shrinkage porosity contained oxide films on the internal surface of the pores, suggesting 

relationship between oxide film and shrinkage porosity. Figure 4.132 shows shrinkage 

porosity obtained from section 20 of the medium oxide film casting, and Figures 4.133a 

and 4.133b show SEM images and Figures 4.134a and 4.134b show EDX analysis results 

from the porosity. The examination of pores in the three types of castings showed that 

more than 90% of observed pores (about 20 pores from each combination of oxide film 

defects) had oxides at the internal surface. This, therefore, suggested that oxide films  

played a role in the formation of shrinkage porosity. 

 

 

 

 

 

 

 

 

 (a) (b) 

 

Figure 4.129 Optical micrograph showing shrinkage porosity obtained from (a) section 

12 and (b) section 13 of the low oxide film casting. 
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 (a) (b) 

Figure 4.130 The scanning electron micrographs of the cross section of a) section 12 and 

b) section 13 obtained from the low oxide film casting showing the 

shrinkage porosity. 

 

 

 

 
 

 

 (a) (b) 

 

 

 

 

 

 

 

(c) 

Figure 4.131 The EDX analysis results obtained from points A to C in Figure 4.125a and 

4.130b. 
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Figure 4.132 Optical micrograph of cross section of section 20 obtained from the 

medium oxide film casting showing shrinkage porosity. 

 

 

 

 

 

 

 

 (a) (b) 

Figure 4.133 The scanning electron micrographs of cross section of section 20 obtained 

from the medium oxide film casting showing shrinkage porosity. 

 

 

 

 

 

 (a) (b) 

Figure 4.134 The EDX analysis results obtained from points A and B in figure 4.133a 

and 4.133b. 
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In the high oxide film casting, shrinkage porosity was also observed. Figure 4.135 shows 

shrinkage porosity in microstructures of the high oxide film casting obtained from the 

central area of the cast plate (section 20). Beside shrinkage porosity, an elongated pore or 

crack-like porosity, was frequently observed in every part of the casting. Figure 4.136 

shows a microstructure from the high oxide film casting (section 4). Figure 4.137 shows 

an SEM image of the section and Figure 4.138 shows the associated EDX analysis result. 

These suggest that these defects were entrained oxide films. Figure 4.139 shows an SEM 

image of an extensive oxide film defect obtained from section 4 of the high oxide film 

casting. Figures 4.140a and 4.140b show higher magnification images of the oxide films, 

and associated EDX analysis results have been shown in Figures 4.141a and 4.141b. The 

presence of large oxide film defects suggested that the stirring action during melt 

preparation and the greater surface turbulence produced during mould filling, compared 

to the other castings, had led to larger numbers of larger entrained oxide films in every 

section of the casting. 

 

 

 

 

 

 

 

 

 

 

Figure 4.135 Optical micrograph of cross section of section 20 obtained from the high 

oxide film casting showing shrinkage porosity. 
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Figure 4.136 Optical micrograph of cross section of section 4 obtained from the high 

oxide film casting showing oxide film defects. 

 

 

 

 

 

 

 

 

Figure 4.137 The scanning electron micrographs of cross section of section 4 obtained 

from the high oxide film casting showing oxide film defects in the casting. 

 

 

 

 

 

 

Figure 4.138 The EDX analysis result obtained from point A in figure 4.137. 
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Figure 4.139 The scanning electron micrographs of cross section of section 4 obtained 

from the high oxide film casting showing the extensive oxide film defects. 

 

 

 

 

 

 

 

 

 

 

 (a) (b) 

 

Figure 4.140 The scanning electron micrographs of section 4 obtained from the high 

oxide film casting showing the higher magnification of areas A and B in 

Figure 4.139. 
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 (a) (b) 

Figure 4.141 The EDX analysis results obtained from points A and B in Figure 4.140a 

and 4.140b. 

 

 

4.4.3 Image analysis 

 

The micrographs of the 32 sections of the cast plates were subjected to image analysis. 

The results for porosity area, number of pores in the section and mean length of pore 

obtained for the 3 castings have been shown in Tables 4.36, 4.37 and 4.38 respectively. 

The low oxide film casting appeared to have the lowest mean porosity area, mean 

number of pores and mean length of pore (about 0.29%, 117 pores and 148 µm 

respectively) while the high oxide film casting had the highest mean porosity area, mean 

number of pores and mean length of pore (about 1.03%, 165 pores and 249 µm 

respectively). The mean porosity area, mean number of pore and mean length of pore in 

the medium oxide film casting was 0.44%, 128 pores and 155 µm respectively, values  

intermediate between the low and high oxide film castings although closer to the low 

oxide film casting than the high oxide film casting. The large air bubble in section 8 of 

the medium oxide film casting was not included in the image analysis. The results show 

that increasing oxide film content in the medium oxide film casting resulted in a slight 

increase in porosity area, number of pores and the length of pore of about 0.15%, 11 

pores and 7 µm respectively. The further increase in oxide film, and increase in hydrogen 

content by 0.1 ml/100g, in the high oxide film casting significantly affected the presence 

of porosity in the casting causing a three-fold increase in mean porosity area, while the 
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number of pores and the length of pore were increased by 40% and 70% compared to the 

low oxide film casting. 

 

Table 4.36 Image analysis results of 32 sections obtained from the low oxide film casting 

(filtered casting). 

Part Pore area (%) Number of pore Average length 
of pore (µm) 

1 0.03 7 201 
2 0.15 61 148 
3 0.09 23 183 
4 0.14 56 141 
5 0.18 63 159 
6 0.12 57 114 
7 0.08 28 155 
8 0.03 14 140 
9 0.12 48 136 
10 0.29 118 139 
11 0.45 193 131 
12 1.29 524 139 
13 1.49 573 168 
14 0.39 147 135 
15 0.19 94 114 
16 0.06 15 175 
17 0.12 35 182 
18 0.18 107 126 
19 0.43 199 184 
20 0.69 369 114 
21 0.97 435 130 
22 0.26 126 138 
23 0.16 83 109 
24 0.05 8 197 
25 0.06 12 191 
26 0.06 30 127 
27 0.14 59 144 
28 0.10 38 137 
29 0.14 58 130 
30 0.03 18 123 
31 0.06 29 130 
32 0.05 15 199 

Avg. 0.29 117 148 
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Table 4.37 Image analysis results of 32 sections obtained from the medium oxide film 

casting (unfiltered and unstoppered casting). 

 

Part Pore area (%) Number of pore Average length 
of pore (µm) 

1 3.29 55 472 
2 0.17 49 165 
3 0.07 30 140 
4 0.20 79 125 
5 0.14 47 181 
6 0.15 72 134 
7 0.12 51 153 
8 0.21 19 244 
9 0.11 51 148 
10 0.18 87 111 
11 0.54 246 126 
12 0.99 299 129 
13 1.33 395 159 
14 0.30 149 124 
15 0.31 132 134 
16 0.15 67 161 
17 0.13 54 140 
18 0.29 92 162 
19 0.95 308 149 
20 1.39 551 142 
21 0.87 411 126 
22 0.83 305 150 
23 0.55 107 209 
24 0.19 92 141 
25 0.08 46 126 
26 0.10 65 96 
27 0.11 49 139 
28 0.14 52 131 
29 0.16 68 130 
30 0.12 54 148 
31 0.12 31 208 
32 0.04 18 129 

Avg. 0.44 128 155 
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Table 4.38 Image analysis results of 32 sections obtained from the high oxide film 

casting (unfiltered and stoppered casting). 

 

Part Pore area (%) Number of pore Average length 
of pore (µm) 

1 1.12 145 286 
2 0.93 148 263 
3 0.87 117 290 
4 1.10 177 308 
5 0.96 140 287 
6 1.10 131 321 
7 0.68 151 207 
8 0.53 157 166 
9 0.67 192 179 
10 1.23 186 249 
11 1.19 263 199 
12 2.42 343 243 
13 0.99 133 271 
14 1.35 223 224 
15 0.85 157 235 
16 0.81 142 262 
17 0.73 145 231 
18 1.59 199 276 
19 1.87 293 229 
20 1.83 185 249 
21 1.52 255 231 
22 1.34 164 269 
23 0.87 164 220 
24 0.53 108 245 
25 0.59 127 223 
26 1.04 149 280 
27 0.92 152 260 
28 0.42 97 230 
29 0.65 109 294 
30 0.93 117 327 
31 0.44 110 249 
32 0.30 110 174 

Avg. 1.03 165 249 
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Figures 4.142a, 4.142b and 4.142c respectively show the distribution of the porosity area, 

the number of pores per section and the length of pore obtained from the image analysis 

results of the 3 types of casting. It can be seen that the data was distributed the same way 

as the distribution obtained from the density results. The distribution of porosity area and 

the number of pores obtained from the low oxide film casting and the medium oxide film 

casting were similar. Most sections of the castings had a porosity area less than 0.3%, as  

was to be expected in the low hydrogen content casting.  

 

The increase in oxide film in the high oxide film casting resulted in an increase in the 

number of pores and pore area in most sections of the casting. However, the increase in 

hydrogen content would influence the formation of porosity in this casting. The 

distribution diagram also showed that the number of pores at the centre of the high oxide 

film casting was lower than in the low and medium oxide film castings. For example, in 

section 13, the number of pores in the high oxide film casting was only 133 pores, while 

the medium oxide film and the low oxide film casting had 395 and 573 pores 

respectively. However, the mean number of pores from every section in the high oxide 

film casting was still higher compared to the other castings. This suggested that an 

increase in number of pores in every section of the casting might influence the formation 

of shrinkage porosity, which mostly formed in the central area (the last zone to solidify).  

 

In summary, the microstructures and SEM results showed that entrained oxide films  had 

an effect on the formation of shrinkage porosity since more than 90% of the shrinkage 

porosity observed in this experiment contained oxide films at the internal surface of pore, 

(i.e. less than 10% of pores did not contain oxide films). Increasing oxide film content in 

the medium oxide film casting showed no significant effect on the formation of 

shrinkage porosity, while an increase in the presence of porosity was observed in the 

high oxide film casting. However, the effect of increasing hydrogen has to be considered 

in this case. 
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(c) mean pore size 

 

Figure 4.142 a) distribution of a) porosity area, b) number of pores/cm2, and c) mean 

pore size data obtained from 3 types of the castings. 
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CHAPTER 5 

DISCUSSION 

 

 

This chapter examines and discusses the characteristics and effects on tensile properties 

of Al-Si-Mg alloys produced by the three deleterious defects, namely oxide films, Fe-

rich phase and porosity, using the results obtained from tensile property testing and 

image analysis. In addition, interrelationships between them will be commented upon. 

 

5.1 Oxide film defects in cast aluminium alloys 

 

Entrained oxide films have become a well known microstructural defect. They are 

initially formed on the surface of a molten aluminium alloy when it is exposed to an 

oxidising atmosphere and introduced into the casting during mould filling by surface 

turbulence. Since oxide films have a deformability and flexibility, they tend to be 

compressed or bent by surface turbulence. The folded over oxide films, dry side to dry 

side, will trap some air between them and act as a crack-like defect or well known as 

double oxide film defect in the final casting. Oxide film defects were frequently 

observed on the fracture surfaces of the test bars and in the microstructures obtained 

from polished samples in this study, particularly in the unfiltered castings. At least two 

large oxide film defects, (of more than 2 mm length), were observed by visual inspection 

in every 30 test bars of the unfiltered castings. The fracture surfaces shown in Figures 4.6, 

4.10, 4.13, 4.16 and 4.84 clearly showed the doubled-over nature of oxide film defects, 

revealed by the fact that symmetrical oxide films were apparent on both sides of the 

fracture surfaces, opened up by the fracture of the test bar. The images showed no 

evidence of any bonding developed across the internal oxide-oxide interface. It therefore 

acted as a pre-existing crack and played a part in the reduction of the mechanical 

properties of the castings. 

 

The SEM images also showed that both young and old oxide films, defined by their 

different thickness, were observed in the castings. The thickness of oxide films was 
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measured by estimating the width of the wrinkle or crease in the film. As shown in 

Figures 4.25a, 4.25b and 4.66, young oxide films were thin, transparent, and had fine 

wrinkles. Their approximate thickness of less than one micron suggested that young 

oxide films were newly formed during pouring or mould filling [Campbell 2000]. Old 

oxide films, as shown in Figures 4.9a and 4.9b, had coarse wrinkles and varied thickness, 

of up to several microns. The EDX analysis results shown in Figure 4.9c also showed 

that the old oxide film had a significantly higher oxygen content compared to young 

oxide films (see Figures 4.25c and 4.67). Since time is required for the thickening, this 

suggested that the old oxide film was formed in the holding furnace or during melt 

transfer.  

 

The maximum length of the double oxide film defects observed in the castings varied 

from a few microns (see Figure 4.111), to at least 7 mm (across the fracture surface of 

the test bar and presumably therefore larger than the test bar diameter) as shown in 

Figure 4.10. Their size depended on the filling systems used and the surface turbulence 

produced in the mould. In an unfiltered mould, extensive double oxide film defects were 

easily detected in the microstructures (see Figures 4.50, 4.51, 4.53, 4.54, 4.113, 4.121, 

4.123 and 4.139). These defects are similar to the crack-like defects found in the 

unfiltered cast Al-Si-Mg alloys (see Figure 2.7) carried out by Green and Campbell 

[1994]. Their larger size, compared to other types of defects, produced a significant 

effect on the mechanical properties of the castings. The SEM images show that large 

double oxide film defects were caused by considerable surface turbulence that might 

have occurred in the melt preparation or melt transferring process. The absence of a 

crumpled oxide film in the filtered castings shows the effects of filters on decreasing 

double oxide film defects. This suggested that the filter could be used to reduce the 

surface turbulence in the mould by controlling the in-gate velocity of the liquid metal, 

and also would trap any large oxide films formed before the mould filling process. 

However the presence of double oxide film defects was still observed in the filtered 

castings (e.g. Figures 4.20, 4.25, 4.109 and 4.111), therefore oxide films can still be a 

common defect, and almost unavoidable despite the use of a filter.    
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The EDX analysis results of oxide film defects showed that MgO.Al2O3 or spinel (see 

Figures 4.8, 4.9c, 4.12, 4.15, 4.18, 4.55 and 4.86) were the main oxide films in the cast 

Al-Si-Mg alloys. This supports the suggestions that spinel is expected to be formed in 

aluminium alloys at magnesium levels of between 0.005 and 2.0 wt% since the formation 

of MgO requires less free energy than the formation of Al2O3 [Makarov 1999, Campbell 

2000]. However, there also was some oxide film, particularly the young oxide film, that 

contained a small amount of magnesium or was likely to form as Al2O3 (e.g. Figure 

4.25c, 4.67). This might be due to the old oxide films, which previously formed in the 

furnace or during melt transfer, were previously formed as spinel and magnesium 

underneath these film would be consumed for the thickening of the oxide films. The 

young oxide film, which newly occurred in the mould, therefore formed as Al2O3 after a 

local decrease in magnesium content. On the other hand, the lack of magnesium in the 

very thin oxide film might be caused by the difficulty of measurement using EDX 

analysis.  For the high purity aluminium and high purity Al-Si alloy experimental cases, 

the oxide films found were, of course, Al2O3, (e.g. Figures 4.112, 4.115, 4.122 and 

4.124).  

  

5.1.1 Effect of entrained oxide films on the tensile properties of castings 

 

As mentioned, the double oxide film defects, containing a gap between the two dry sides 

of the films, act as crack-like porosity, and can result in a great reduction in tensile 

properties. The tensile property data shown in Tables 4.1 and 4.2 relating to filtered and 

unfiltered castings showed that the increase in oxide film defects directly resulted in a 

reduction in tensile properties since the mean UTS and mean elongation noticeably 

decreased in every high oxide film casting. The Pareto diagrams in Figure 4.1 calculated 

from all tensile data showed that the effects produced by oxide film defects (column C) 

on the UTS and elongation of the Al-Si-Mg alloy resulted in a reduction of about 21 

MPa and 0.9% respectively. The variety in shape and size of oxide film defects also 

made them have a variety of influences on the mechanical properties of the castings. In 

the unfiltered castings, extensive oxide films could be observed on the fracture surfaces 

of the test bars and these defects were sometimes present on the majority of the area of 

the fracture surfaces (see Figures 4.6 and 4.16), causing great structural weakness in the 
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test bar. The results showed that large oxide film defects decreased the UTS by about 

150 MPa, for example, test bar 21 in the high oxide film, high Fe-rich phase and high 

hydrogen casting (UTS of 74 MPa) and test bar 21 in the high oxide film, low Fe-rich 

phase and low hydrogen casting (UTS of 117 MPa). However, oxide films were not 

found to be the most detrimental defects in this study. This is because the experiment 

attempted to bracket the extremes of casting practice, in that the molten metal used had a 

high quality and the running system used was not extremely bad, but represented what 

might be used in a foundry. If the molten metal quality was low or a very bad running 

system had been used, that would generate many more oxide film defects, for example, 

the running system of the plate casting shown in Figure 3.13, then the deleterious effect 

would have been much larger.  

 

In the experiment examining the interactions between oxide film and shrinkage porosity 

in the Al-Si-Mg alloys with low and high Fe content, the Pareto diagrams obtained from 

the tensile data (see column A in Figures 4.64 and 4.81) showed that the effect on tensile 

properties produced by the oxide film defect was lower than in the previous experiment 

(the effect on UTS was about 9 MPa). Although it was difficult to measure the oxide film 

defects from both qualitative and quantitative points of view, the x-ray images of the 

liquid metal flow (see Figure 3.6) showed that there was more surface turbulence 

produced in this mould, compared to the unfiltered mould in the first experiment (see 

Figure 3.3), suggesting that more oxide film defects were introduced into the castings 

during mould filling than in the case of the first experiment. Nonetheless large double 

oxide films on the fracture surfaces and in the microstructure appeared to a lesser extent 

than was expected. As shown in the SEM images of fracture surfaces, the large double 

oxide films, which had a remarkable effect on the tensile properties, were the old oxide 

films (e.g. Figure 4.9 which had a UTS of 157 MPa). This suggested that the large old 

oxide film defects were normally formed by holding in the furnace, or during melt 

transfer, played a major role in a reduction in tensile properties of the castings whereas 

double oxide film defects that newly formed during mould filling had a less effect (e.g. 

Figures 4.22 and 4.23, which had a UTS of 261 MPa). The cleaner melt, therefore, has 

better tensile properties at the same oxide film content produced in the mould. The result 

of the melt quality tests shown in Figure 3.7 suggested that the alloy used in this 
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experiment was cleaner since the flow time for the 1400 gram melt was only 31 seconds 

compared to that of 39 seconds in the first experiment as shown in Figure 3.4. A study of 

cleanliness measurements using the same technique in Al-Si-Mg alloys was presented by 

Godlewski and Zindel [2001]. They reported that an aluminium alloy melt that was 

degassed/fluxed for 5 minutes with a temperature of 720 oC had a flow time for the 1400 

gram of melt of about 50 seconds. This showed that in comparison the alloy melt used in 

the experiments described here was very clean. This therefore suggests that the extensive 

oxide film defects were not introduced into the castings as much as in the previous 

experiment. 

 

The Weibull distribution for a single defect distribution was applied to describe the 

tensile properties data obtained from the combinations of castings. Green and Campbell 

[1993] suggested that a linear equation obtained from a Weibull plot of ln(ln(1/1-Fw)) 

versus ln(x) (Equation 2.10) was an accurate distribution estimator of tensile strength. As 

mentioned the oxide film defects in the castings formed in a variety of shapes and sizes, 

which therefore influenced the distribution of tensile properties by increasing the scatter 

or the range of tensile property data. Tables 4.5, 4.6, 4.17 and 4.26 show the Weibull 

modulus obtained from the Weibull plots of the tensile property data. These show that 

increasing oxide film content in all high oxide film or unfiltered castings resulted in a 

reduction in the Weibull modulus. For example, in the low Fe and low hydrogen castings 

of the first experiment, increasing oxide films resulted in a reduction in the UTS Weibull 

modulus by about 51. The Pareto diagrams in Figures 4.34a and 4.34b show that oxide 

film defects had an effect on the UTS Weibull modulus and the elongation Weibull 

modulus of a reduction of about 37 and 3.2 respectively. These agree with results of 

experiments by Green and Campbell [1994] and Mi et al. [2004] which showed that 

entrained oxide films were responsible for much of the scatter in tensile properties of 

cast aluminium alloys.  

 

In addition, the oxide film defects affected the distribution manner of the tensile 

properties. It can be seen in the Weibull plots (Figures 4.31b, 4.32b, 4.73b, 4.74b, 4.95c 

and 4.96c) that the tensile properties data, particularly the UTS data, did not plot linearly 

as would be expected if the data was distributed in the form of a Weibull single defect 
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distribution. This indicated that either the data was distributed in a non-Weibullian 

manner, or there was more than one defect type competing to cause the failure. The latter 

alternative was confirmed by observations of the fracture surface because the large (old) 

oxide film defect found on the fracture surfaces seemed to be another defect type 

competing to cause the failure in the tensile test.  

 

Generally, the failure of cast Al-Si-Mg alloys is caused by the presence of brittle 

particles, for example Fe-rich and Si phases, which act as stress raisers and initiators of 

cracks [Murali et al. 1995, Taylor et al. 1999]. The mechanism of failure caused by a 

brittle fracture will be discussed in the section on the effect of Fe-rich phase on tensile 

properties (section 5.2.1). In the low oxide film castings, the fracture therefore was 

dominated by the cracks initiated in the Fe-rich phase as shown in Figures 4.2a, 4.4 and 

4.82. The presence of double oxide film defects also affected the failure mechanism of 

the casting since their doubled nature acted as pre-existing cracks and could dominate the 

failure of the casting. As mentioned that double oxide film defect is almost unavoidable 

in the practice, the normal failure of castings is therefore caused by a combination of Fe-

rich phase and double oxide film defect. However, the presence of large double oxide 

film defects can affect the failure mechanism of the castings and resulted in a great 

reduction in tensile properties. This is supported by the SEM images showing that the 

large double oxide film defects were observed on the fracture surfaces of every low UTS 

test bar (e.g. Figures 4.6, 4.10, 4.13, 4.16 and 4.84). It can be seen in the Weibull plots of 

the tensile property data that the failure caused by a large oxide film defects was 

distributed in a different manner compared to that caused by the normal failure 

mechanism. Figures 4.33a, 4.33b, 4.75 and 4.97 show that the distribution of UTS data 

obtained from the high oxide film content casting could be divided with two trend-lines, 

first was the Weibull distribution associated with failure where the initiation of the crack 

was caused by the brittle particles and small double oxide film defects in the test bar and 

second was the Weibull distribution associated with the failure dominated by large 

double oxide film defects. It can be seen that 2 separate lines, classified by the different 

crack initiation methods gave the best fit. The Weibull plots of the new trend-lines of the 

data show that when oxide film defects dominated the failure gave very low Weibull 

modulus values were obtained compared to the low oxide film castings, (see table 4.6). 
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This suggests that double oxide film defects, particularly large oxide film defects, 

resulted in a great reduction in the reliability and reproducibility of castings.  

 

The effects of oxide film on the distribution of tensile properties obtained from this study 

were similar to the work of Nyahumwa et al [1998] who studied fatigue properties of 

cast aluminium alloys. They used the three-parameter Weibull models for partially 

concurrent double defect distributions to describe fatigue life behaviour where the 

Weibull analyses were obtained from computer software to give the best fit of the data. 

This suggests that the Weibull distribution, that is thought to be an accurate statistical 

tool for describing the distribution of tensile properties in aluminium alloys, may not be 

used for castings that contain double oxide film defects. Other models, for example the 

three-parameter Weibull distribution, may be a better distribution estimator. 

 

The results obtained from the Weibull plots of the tensile properties in this study also 

showed that the effect produced by oxide films in the castings was mainly caused by 

large old double oxide film defects. Figure 4.33 shows that the new trend-lines of the 

data obtained from the high oxide film castings that did not contain large double oxide 

film defects gave a high UTS Weibull modulus, for example, in the low Fe and high 

hydrogen castings, the UTS Weibull modulus increased to 42, which was the same level 

of Weibull modulus obtained from the low oxide film castings (Weibull modulus of 44). 

To estimate the effect of double oxide film defects, which newly formed in the moulds, 

the low UTS values containing large oxide film defects were therefore taken out. Figure 

5.1 shows the new Pareto diagram of UTS Weibull modulus after large oxide film 

defects were removed. It can be seen that Fe-rich phase had the greatest effect on the 

distribution of the UTS in the case of castings that contained no large oxide film defects. 

This supports the fact that the brittleness of Fe-rich phase influences the tensile 

properties of the cast aluminium alloys since the failure of test bars were mainly 

controlled by Fe-rich phases. The variation of the size and the orientation of the Fe-rich 

phases, particularly the large β-phase platelets, therefore affected the distribution of 

tensile properties. The diagram also shows that the effect of young oxide film defects on 

UTS Weibull modulus was only 17 or a decrease of 57% compared to that produced with 

the large double oxide film defects included (see Figure 4.34). This therefore suggests 
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that the reliability of the cast aluminium alloys can be improved by removing large 

double oxide film defects from the melt.  

 

Figures 5.2a and 5.2b show the new Pareto diagram obtained from the UTS and 

elongation values from the 8 combinations of castings by removing the test bars that 

contained large double oxide film defects. The diagrams show that the effects on UTS 

and elongation produced by young oxide film defects were decreased significantly, by 

about 57% and 27% respectively, compared to the effect produced with large oxide film 

defects included (as shown in Figure 4.1). This suggested that, when the large old oxide 

film defects previously formed in the furnace or during melt transfer were not considered 

the young oxide film defects had the least detrimental effect on tensile properties 

compared to Fe-rich phases and gas porosity. This might be due to; either the size of 

double oxide film produced in the moulds was less than Fe-rich phases and gas porosity, 

or the amount of oxide film defects produced by the surface turbulence in the unfiltered 

moulds was not greatly different compared to the filtered moulds.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Pareto diagram showing the effects of defects and their interaction on UTS 

Weibull modulus after removing the test bars that contained large double 

oxide film defects (A = Fe-rich phase, B = hydrogen, C = oxide film).  
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(b) 

Figure 5.2 Pareto diagram showing the effects of defects and their interaction on (a) UTS 

and (b) elongation after removing the test bars that contained large double 

oxide film defects (A = Fe-rich phase, B = hydrogen, C = oxide film).  
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5.2 Fe-rich phases in cast aluminium alloys 

 

Iron is the most common impurity in aluminium alloys since it cannot be economically 

removed. It is widely accepted that high iron contents are responsible for inferior 

mechanical properties of aluminium alloys due to the presence of β-Al5FeSi phase. This 

phase, like most intermetallic particles, is brittle, and because of its platelet-like or 

needle-like morphology, up to a millimetre long, β-Al5FeSi phase directly influences the 

strength and ductility of cast Al alloys.  In this study, the aluminium alloy used was Al-

7Si-0.3Mg alloy with 3 different Fe contents (0.1, 0.5 and 1.1 wt%). The results obtained 

from the microstructural images show that the main Fe-rich phases observed in the 

experimental alloys were β-Al5FeSi, and π-Al8FeMg3Si6 phases.  

 

During the solidification of Al-Si eutectic alloys (see Table 2.4), the nucleation of 

particles and intermetallic phases may be divided into three different types: pre-eutectic, 

eutectic and post-eutectic [Backerud et. 1990]. After mould filling was completed, the 

molten metal started to solidify and in the pre-eutectic period (T > TE (575
o

C)) the first 

phase to precipitate following the α-Al dendrites was the β-Al5FeSi phase. In the main 

eutectic reaction (T = TE (575
o

C)) the β-Al5FeSi phase would precipitate together with Al-

Si eutectic. In the post-eutectic stage (T < TE (575
o

C)), β-Al5FeSi phase might transform to 

π-Al8FeMg3Si6 phase and there would also occur precipitation of Mg2Si.  

 

The presence of π-Al8FeMg3Si6 phase was observed as the main Fe-rich phase in the 

microstructures of castings obtained from the runner bar, particularly in the low Fe 

content castings (0.1 wt%), as shown in Figures 4.35 and 4.36. This phase was formed as 

a Chinese script-like morphology and is thought to be less harmful to the mechanical 

properties of castings [Shabestari et al. 1995, Roy et al. 1996]. However the results 

obtained from micrographs and the SEM images shown in Figures 4.38 and 4.39 showed 

that heat treatment resulted in the absence of π-Al8FeMg3Si6, by changing π-phase back 

to β-phase.  

 

The observation of Fe-rich phase in all experiments (e.g., Figures 4.26, 4.28, 4.38, 4.39, 

4.41, 4.42, 4.87, 4.89 and 4.98) shows that increasing Fe content from 0.1 to 1.1 wt% 
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resulted in an increase in the size of the β-Al5FeSi phase. The images showed that the 

length of β-Al5FeSi phase was about 5 µm in the 0.1 wt% Fe content casting but 

increased with increasing Fe content to 40 µm at 0.5 wt%, and to 80 µm when the Fe 

content was increased to 1.1 wt%. This showed that Fe content would have a direct effect 

on the tensile properties of a casting, not only by increasing the amount of Fe-rich phase, 

but its size as well. 

 

5.2.1 Effect of Fe-rich phases on tensile properties of the casting 

 

Many authors have suggested that the Fe-rich phase was responsible for inferior 

mechanical properties in cast aluminium alloys due to its brittle characteristic [Murali et 

al. 1995, Taylor et al. 1999]. This suggestion was supported by the results of this 

experiment because the Fe-rich phases, particularly the β-Al5FeSi platelet, were observed 

on the fracture surfaces of all test bars and the SEM images revealed that cracked β-

Al5FeSi phases were easily observed (see Figures 4.2a, 4.4 and 4.82). The failure of 

alloys due to a brittle fracture can be explained in three stages as follows; 1) the initiation 

of cracks occuring in the Fe-rich phases, 2) the cracks becoming wider and forming 

cavities, and 3) the cavities joining together due to the collapse of the resisting matrix 

ligaments [Lawn 1993]. Therefore the presence of Fe-rich phase plays a major part in the 

failure of castings by acting as stress raisers and as initiators of cracks.  

 

Cao and Campbell [2000] studied the effect of Fe-rich phase on the tensile properties of 

cast Al-Si-Mg alloys and suggested that the brittleness of Fe-rich phase might be the 

result of the presence of oxide film defects. In their work, transverse cracks in Fe-rich 

phases were observed, as shown in Figure 2.15, and they proposed that the cracks were 

actually double oxide films which had the Fe-rich phases nucleated independently on 

their wetted sides, acting as a precrack along the central axis of the Fe-rich phase. 

However, the results obtained from SEM images of the fracture surfaces and the 

associated EDX analysis in this experiment disagreed with their suggestion because no 

evidence of oxide films associated with cracks in the Fe-rich phase was observed. This 

therefore showed that the brittleness of the Fe-rich phase and cracks within it was due to 

the nature of the phase. 
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The Pareto diagrams in Figure 4.1 showed that increasing Fe content from 0.1 to 0.5 

wt% had the greatest effect on tensile properties (column A), compared to gas porosity 

and oxide film defects, by decreasing the UTS and elongation by about 28 MPa and 

1.7% respectively. This suggested that the brittleness of Fe-rich phases, particularly the 

large β-Al5FeSi phase, significantly influenced the tensile properties of cast aluminium 

alloys. Figures 5.3a and 5.3b show the mean UTS and elongation of the castings 

containing Fe from 0.1 to 1.1 wt% with the conditions of low hydrogen and low oxide 

film content (see Tables 4.1, 4.2, 4.13, 4.14, 4.22 and 4.23).  
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Figure 5.3 Tensile properties of cast Al-Si-Mg alloy containing Fe.  
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Figure 5.3a shows an effect of Fe-rich phase on tensile properties such that the UTS of 

the castings had a linear relationship, with a decrease in UTS of about 7 MPa for every 

0.1 wt% Fe increase. For example, an increase in Fe content from 0.1 to 0.5 wt% resulted 

in a reduction in mean UTS from 305 to 271 MPa and it decreased further to 235 MPa 

when the Fe content increased to 1.1 wt%. However, the decrease in tensile properties of 

Al-Si-Mg alloy with 1.1 wt% Fe might also be influenced by the reduction in magnesium, 

which is known to strengthen the alloy by precipitating Mg2Si, because the chemical 

analysis results showed that the magnesium content in the experiment with 1.1 wt% Fe 

was reduced to 0.2% during the melt preparation. An effect of Mg on the UTS property 

in the sand-cast Al-7Si-0.3Mg alloys was reported by Drouzy et al. [1980]. They 

indicated that a decrease in Mg of about 0.13 wt% resulted in a reduction in UTS of 

about 20 MPa. This, therefore, suggested that the decrease in Mg only slightly influenced 

the tensile properties of the castings in this experiment and that the major effect was 

caused by the presence of the Fe-rich phase. 

 

For elongation, it can be seen that increasing the Fe content from 0.1 to 0.5 wt% 

decreased ductility considerably, but with a further increase of the Fe content to 1.1 wt%, 

elongation was further reduced but less dramatically. This might be due to the β-Al5FeSi 

platelets are brittle and therefore produce a great influence on the ductility of castings. 

The diagrams obtained from this study are similar to those presented by Ravi et al. [2002] 

who studied the mechanical properties of Al-7Si-0.3Mg alloy in the T6 heat treatment 

condition, (see Figure 2.17). This showed that the effects of Fe-rich phase on the tensile 

properties of aluminium alloys can be estimated. 

 

In addition, the Weibull plots in Figures 4.31b, 4.32b, 4.95b, 4.95c, 4.96b and 4.96c and 

the Weibull modulus results in Table 4.5 and 4.26 showed that an increase in Fe content 

influenced the distribution of tensile properties by decreasing the Weibull modulus. With 

the low hydrogen and low oxide film content castings, increasing the Fe content in the 

castings from 0.1 wt% to 0.5 wt% resulted in a decrease in the UTS Weibull modulus 

from 55 to 26 and it was further decreased to 14 when the Fe content was increased to 

1.1 wt%. It can be seen that the reliability (i.e., reproducibility of properties) of castings 

would decrease with an increase in Fe content. The Weibull modulus obtained from the 
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high Fe content castings, however, was still high compared to that of in the high oxide 

film castings. The Pareto diagrams in Figure 4.34 show that increasing Fe content from 

0.1 to 0.5 wt% produced the effects on UTS Weibull modulus and elongation Weibull 

modulus  about 10 and 0.5 respectively, which were three-times and six-times less than 

that produced by oxide film defects. This, therefore, showed that, although the Fe-rich 

phase had the greatest influence on the reduction of tensile properties, the distribution of 

tensile properties obtained from them was at least narrow and predictable, compared to 

the effects associated with high oxide film contents.  

 

 

5.3 Porosity defects in cast aluminium alloys 

 

Porosity is one of the most common defects that can be found in cast aluminium alloys 

[Anson and Gruzleski 1999, Sabau and Viswanathan 2002, Atwood and Lee 2003]. 

Porosity has been classified by its cause into gas porosity and shrinkage porosity. The 

micrographs obtained from all experiments show that both gas porosity and shrinkage 

porosity were observed in this study. In the low hydrogen content castings, (of about 0.1 

and 0.2 ml/100g metal), the most frequently observed porosity was gas porosity, formed 

as microporosity, which had the average size of about 250 µm2 (see Tables 4.9, 4.18, and 

4.27) and was well distributed in the interdendritic regions of the castings as shown in 

Figures 4.43, 4.76 and 4.99. Increasing hydrogen content to about 0.45 ml/100g metal 

had a significant effect on the presence of gas porosity by increasing the area and size of 

porosity in the castings. Figures 4.43 and 4.116 showed that pores, larger than the 

interdendritic cell size and was visible to the naked eye, was the main type of porosity 

formed in the high hydrogen content castings. However the image analysis results in the 

high purity aluminium experiment shown in Table 4.31 suggest that hydrogen gas is not 

the only factor responsible for increasing porosity in the castings because, although the 

hydrogen content in the molten aluminium was high (0.4 ml/100g metal), the overall 

porosity area was only 0.3%, and there was not the presence of large gas porosity defects 

were absent, compared to the results of the other aluminium alloys with a similarly high 

hydrogen content where the area of porosity was 3.5 %. The formation of porosity will 
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be further discussed in the next section where the role of oxide film defects will be 

considered (section 5.4). 

 

Shrinkage porosity was not often found in the castings obtained from the test bar mould. 

This suggests that the mould used in the experiment to examine the effect of shrinkage 

porosity on the tensile properties (section 4.2) did not generate much shrinkage porosity 

as was expected. However, shrinkage porosity was produced in the cast plates, specially 

designed to determine the effect of shrinkage porosity, and most shrinkage porosity was 

located in the central area of the plate, the last zone to solidify (see Figures 4.126, 4.127, 

4.129 and 4.132). A combination of shrinkage porosity and gas porosity was present 

when the hydrogen content was increased to 0.3 ml/100g metal in the high oxide film 

plate casting (see Figure 4.128). The image shows that gas porosity was distributed in 

every section of the cast plate whilst shrinkage porosity was usually located in the central 

area of the casting. This suggests that, during solidification, gas porosity was formed first 

by the precipitation dissolved hydrogen and shrinkage porosity would be formed at the 

last stage due to the incomplete feeding of liquid metal which flow to compensate for the 

liquid/solid volume change.  

 

5.3.1 Effect of porosity on tensile properties of the casting 

 

Porosity defects are widely known to negatively influence tensile properties because they 

act as material discontinuities and result in a reduction in load bearing area [Caceres and 

Selling 1996]. As previously mentioned, the increase in hydrogen content in alloys 

resulted in an increase in the area of porosity, and therefore hydrogen gas in the casting 

directly influences the tensile properties of the castings. The Pareto diagrams in Figure 

4.1 showed that the effect of increasing hydrogen gas from 0.1 to 0.45 ml/100g metal on 

the UTS and elongation resulted in a reduction of about 20 MPa and 0.7% respectively. 

The effect of porosity defects caused by hydrogen gas on tensile properties appeared to 

be the least detrimental in this experiment, compared to Fe-rich phase and oxide film 

defects. The physical characteristics of gas porosity, therefore, influenced the tensile 

properties less than the brittle, platelet-like, β-Al5FeSi phase and double oxide film 

defects.  
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Figures 5.4a and 5.4b show results of mean UTS and mean elongation obtained from 

filtered castings with the same iron content of 0.1 wt% (see Tables 4.1, 4.2, 4.13 and 

4.14). It can be seen that the mean UTS of castings decreased from about 305 to 295 and 

278 MPa when the hydrogen gas content increased from 0.1 to 0.2 and 0.5 ml/100g 

metal respectively. For elongation, the castings that contained 0.1 and 0.2 ml/100g 

hydrogen had elongations at the same level of about 4.5%. However, when the hydrogen 

content increased to 0.5 ml/100g metal, the elongation of the castings significantly 

decreased to about 2.3%. This suggested that the microporosity that occurred at the low 

hydrogen contents only slightly affected elongation. The decrease in tensile properties 

was greater and more noticeable when the hydrogen content was increased until large gas 

porosity, (normally with sizes greater than 100 µm), was introduced.  

 

The results obtained from this study support the suggestions of other authors [Herrera 

and Kondic, 1977 and Surappa et el., 1986] that reduction in tensile properties does not 

relate to the area of porosity but a better correlation can be obtained with the length of 

porosity. In addition, it supports the research of Griffin et al. [2003] who studied porosity 

defects found on the fracture surfaces of tensile test bars and concluded that the UTS of 

aluminium alloys significantly decreased when porosity with a diameter of greater than 

250 µm was present.  
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Figure 5.4 Effect of hydrogen gas on tensile property of cast Al-Si-Mg alloy 

 

 

5.4 Interaction between oxide film and porosity defects 

 

The interactions between the three microstructural defects, oxide films, Fe-rich phase 

and porosity, were examined. The results suggested that the greatest interaction was the 

relationship between oxide film and porosity, since the SEM images showed that more 

than 90% of porosity, both gas porosity and shrinkage porosity, observed in all 

experimental castings contained oxide films on the internal surface of the pores (see 

Figures 4.44, 4.46, 4.78, 4.103, 4,105, 4.107, 4.117, 4.119, 4.130, 4.133 and 4,137). The 

Pareto diagrams obtained from image analysis shown in Figures 4.63a, 4.80a and 4.101a 

also showed that increasing oxide film content (column C) in the castings influenced the 

presence of porosity by increasing the area of porosity by about 0.2%. This suggests that 

oxide films play an important role in the formation of porosity in cast aluminium alloys. 

 

Many authors have studied the nucleation of pores during solidification using theoretical, 

mathematical and analytical approaches [Fisher 1948, Pehlke 1992, Kato 1999, Tayler 

1999, Campbell 2000, 2003, Lee et al 2001]. The classical theory explaining the 

nucleation of porosity was proposed by Fisher [1948], who suggested that a pore would 
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nucleate either homogeneously or heterogeneously during solidification, and that the 

pressure required for the nucleation could be estimated by Equations 2.5 and 2.6 

respectively. This theory showed that nucleation was unlikely to occur in practice since 

the pressures required for both homogeneous and heterogeneous nucleation were 

extremely high, of the order of about 31,000 atm and 1,500 atm respectively [Campbell 

2000, Lee et al 2001].  

 

Since nucleation of pore in the cast aluminium alloys was difficult to occur in practice, 

the other theories have been researched to describe the formation of the pore. Campbell 

[2003] suggested that the perfect sites for the formation of porosity were double oxide 

film defects, since double oxide films contain a nonsoluble gas between the two dry sides 

of the films, which would act as an existing pore entrained in the melt. These existing 

pores could grow further by the diffusion of hydrogen into the pore, or by opening under 

the pressure developed by shrinkage. This mechanism suggests that high pressures of gas 

or shrinkage are not required for nucleation, it could occur easily, and is likely to occur 

in practice. 

 

Kato [1999] reported that non-wetted surfaces on surfaces of oxide inclusions in the 

liquid metal might be sites for nucleation and explain oxide-related porosity. He 

suggested that the contact angle between Al2O3 and liquid Al was 150o, and that pores 

were formed heterogeneously on the surfaces of oxides when the pressure in the liquid at 

the solid-liquid interface was about 2.7 atm. However, it is important, in the context, to 

realise that surface oxide film can only be entrained as a double oxide film when 

introduced into a liquid metal. Even if a thick oxide was to be pushed into a melt, in an 

effort to create a single immersed inclusion, the surface film on the liquid metal would 

be pulled down either side of the introduced oxide and surround it by two, non-wetting 

surface films as shown in Figure 5.3 [Dignam 1962, Fox and Campbell 2000]. Therefore 

the oxides found in Kato’s study were probably not a site for heterogeneous nucleation 

but were double oxide films that acted as initiators of pores in the castings.  
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Figure 5.5 Schematic view of the introduction of an inclusion into the melt. 

 

 

It is known that double oxide film defects are almost unavoidable in practice. In these 

experiments, even castings having filters were found to contain oxide films, (Figures 

4.20, 4.23, 4.109, 4.111), every casting was therefore likely to contain the initiator of 

porosity. Moreover the negligible force involved in the formation of the pore by the 

opening of double oxide films suggested that it is the easiest mechanism for the 

formation of pores during solidification compared to other theories. The results obtained 

from this study have been examined to determine whether they support the suggestion 

that double oxide film defects are the initiator of porosity defects in castings.  

 

The presence of oxide films at the internal surface of more than 90% of the observed 

pores was strong evidence that porosity formed by double oxide film defects. According 

to this mechanism, porosity cannot form without an oxide film defect, the presence of an 

oxide film therefore is expected to be found in all pores. The SEM results show that the 

pores, which did not contained oxide films, were microporosity (classified as a less than 

100 µm in size) as shown in Figure 4.48. It, however, is not clear whether porosity did 

not initiate from double oxide film defects or the samples were sectioned the part of 

pores that did not contained oxide films. Moreover, the measurement of oxygen using 

EDX on a very thin oxide film or at the surface of deep pore might influence the analysis.  

 

Another expectation of the formation pores by this mechanism was that the presence of 

pores should increase with an increase in oxide film defects, i.e. with an increase in 

surface turbulence. This assumption was support by the image analysis results, which 



 236

shows that increasing oxide film content led to a direct increase in the number of pores in 

every experiment. For example, the Pareto diagrams in Figures 4.63b, and 4.80b showed 

that increased oxide film content in the first and second experiment increased the number 

of pores by about 14% and 10% respectively. Tables 4.31 and 4.32 showed that, in high 

purity aluminium and high purity Al-Si alloy experiments, an increase in oxide film 

content resulted in an increase in the number or pores of about 40% and 60% 

respectively. In the plate casting examining the effect of oxide film on the formation of 

shrinkage porosity, the same behaviour of the results was found since Tables 4.36, 4.37 

and 4.38 showed that the mean number of pores increased with an increase in oxide film 

content.  

 

The action of oxide film defects as an initiator of the pores was therefore likely to be the 

main mechanism of the formation of porosity, both gas porosity and shrinkage porosity, 

in the castings. In this mechanism, porosity in casting is not caused by nucleation but is 

only a growth state. According to the equilibrium pressure estimated by Equation 2.8, the 

growth of a pore will depend on two main causes, the pressure due to dissolved gases 

and the pressure created by shrinkage. If there is enough feeding, the growth of the pore 

will be controlled by only dissolved hydrogen gas and become a gas porosity defect in 

the casting. Shrinkage porosity will be formed in the case of poor feeding of castings. 

The formation of gas porosity and shrinkage will be separately discussed in the following. 

 

5.4.1 Gas porosity 

 

Beside oxide film defects, the factor that influences the presence of gas porosity in cast 

Al alloys is hydrogen gas. The Pareto diagram obtained from the image analysis results 

of the experiment examining the interaction between Fe-rich phase, gas porosity and 

oxide film (Figure 4.63) showed that hydrogen had the greatest effect on the presence of 

gas porosity by increasing porosity area and the size of pores by about 3.5% and 1600 

µm2 respectively. Possible mechanisms of gas porosity formation by the inflation of a 

double oxide film in aluminium alloy castings have been shown in Figures 5.6a to 5.6c.  
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Firstly, double oxide film defects are introduced into the melt by surface turbulence 

during the mould filling process. These defects contain some air, (i.e. O2, N2 and Ar), 

between the two dry sides of the films and act as a void in the melt. Double oxide films 

will be thickened by further formation of oxide and nitride, and might be sealed if all the 

gases in the interior are consumed. Although the oxide film is not permeable to diffusion 

by aluminium and oxygen, a thickening of the oxide film results from the transportation 

of oxygen through continuous pathways [Agema and Fray 1989]. The pathways in the 

oxide films can be cracks, zones of loose structure inherent in the films, or formed by the 

volume change associated with conversion of metal to oxide. Gas dissolved in the melt 

(i.e. hydrogen) can also diffuse into the double oxide film defects through these 

pathways.  

 

During solidification, the solubility of hydrogen decreases with decreasing temperature 

therefore it is rejected by the growing solid and diffuses in the remaining liquid or 

becomes supersaturated in the solid. Since it cannot be nucleated, (either homogeneously 

or heterogeneously), porosity will be formed only when the hydrogen meets a double 

oxide film, which already acts as an existing pore. The diffusion of hydrogen will further 

expand the pore, inflating any compacted, folded oxide films, causing them to open and 

form pores in the castings. It can be seen that the expansion of double oxide films 

directly depends on the hydrogen content in the liquid metal. In high hydrogen content 

castings, the folded oxide films tend to be opened sufficiently to take the form of 

spherical bubbles and become the large gas porosity shown in Figure 5.6d.  

 

Figure 5.7 shows the area of porosity of the castings with different hydrogen contents, 

obtained by image analysis, for all experimental results. It can be seen that the area of 

porosity increases with increasing hydrogen gas content. Therefore the best way to solve 

the gas porosity problem would be to reduce oxide film defects and hydrogen gas 

together. Figure 5.7 also shows that increased oxide film content influenced the presence 

of gas porosity by increasing the porosity area of the castings. This supports the 

formation of porosity by oxide films because increased oxide films resulted in an 

increase in number of initiators of pores. As mentioned that dissolved hydrogen is likely 

to become supersaturate in the solid if there is no double oxide film defects, overall 
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porosity in the casting therefore was expected to be greater in the high oxide film content 

castings.   
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Figure 5.6 Sketches of gas porosity formation in the cast aluminium alloy showing (a) 

the presence of double oxide film defects in the melt, (b) dissolved hydrogen 

diffusing into double oxide film defects, (c) the inflation of double oxide film 

defects causing gas porosity, and (d) a micrograph of gas porosity in a casting. 

 

 

H2 H2 

H2 

H2 

H2 

H2 

Double oxide films 

200 µm 



 239

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Graph of porosity area versus hydrogen content obtained from all 

experimental combinations. 

 

There were some results in the diagram that disagreed with the inflating double oxide 

film theory, for example; the porosity area obtained from the high purity aluminium, 

(shown in Table 4.31), was not as high as was expected (about 0.3 %), although the 

hydrogen content was high (0.4 ml/100g metal), and the presence of oxide films were 

observed in SEM images (Figures 4.103, 4.105, 4.107, 4.109, 4.111 and 4.113). This 

may be because of several possible reasons. The First explanation involves the 

morphology of the oxide films. It has been reported by many authors that the oxide films 

formed at the surface of pure aluminium are amorphous and this kind of film is 

impermeable (or less permeable) to hydrogen [Silva and Talbot 1988, Impey et al. 1988]. 

Figures 4.104, 4.106, 4.108, 4.110 and 4.112 show EDX analysis results of oxide films 

produced in a high purity aluminium casting. The small amount of oxygen measured 

suggests that the oxide film observed was a young oxide film, which was thin and newly 

formed in the mould filling, and likely to be amorphous. This therefore prevented the 

rapid diffusion of hydrogen into a double oxide film defect in the casting. Secondly, the 

solidification range in pure aluminium is very narrow so the hydrogen has much less 

time for diffusion into double oxide films and might be supersaturated in the solid. The 

latter alternative is supported by the image analysis results shown in Table 4.32 because, 
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when the same hydrogen content was applied to a high purity Al-Si alloy, with the same 

kind of oxide film in the casting but has a longer solidification range, a ten times greater 

area of porosity was obtained compared to the cast pure aluminium. Therefore the 

solidification time of the castings is another factor that influences the porosity formation 

in aluminium alloy castings.  

 

The results of the porosity area obtained from the high purity Al-7Si alloys, however, 

contradicted the other casting since the low oxide film casting had greater porosity area 

than the high oxide film casting, by about 0.5%. The image analysis results in Table 4.32 

show that the high oxide film casting had a higher number density of pores than the low 

oxide film casting. It can be seen in the high oxide film casting that the number of pores 

increased by about 63% compared to the low oxide film casting and porosity was mainly 

formed as microporosity with the mean pore length of about 15 µm. The presence of 

numbers of small pores therefore might influence the accuracy of pore determining since 

image analysis used in this experiment did not include the small pores which had the 

length less than 10 µm. The other reason is that the diffusion of hydrogen into oxide film 

defects might be restricted in someway. The porosity area of the high oxide film casting 

might increase if there was the presence of other particles in the casting, for example, Fe-

rich phase.  

 

5.4.2 Shrinkage porosity     

 

Many results in this study suggested that shrinkage had an effect on the formation of 

porosity in the cast aluminium alloys. Figure 4.142 obtained from the cast plate shows 

that the main defect that occurred in these castings was shrinkage porosity, that formed at 

the centre of the plates, as the greatest shrinkage was expected to be produced in this area. 

As with gas porosity formation, the initiators of shrinkage porosity are double oxide 

films. This was confirmed by the SEM images of shrinkage pores that showed more than 

90% of pore contained oxide film at the internal surface of pores (e.g. Figures 4.130 and 

4.133). The Pareto diagrams obtained from the second experiment (Figures 4.80c and 

4.101c) also showed an interaction between oxide film and shrinkage (column AB) that 

influenced the size of porosity by decreasing pores size by about 10% and 20% in the 
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high Fe content and the low Fe content castings respectively. Therefore oxide film 

defects and shrinkage play a part in the presence of shrinkage porosity in the cast Al-Si-

Mg alloys.  

 

Figures 5.8a to 5.8c explain the formation of shrinkage porosity in cast aluminium alloys. 

Shrinkage porosity is formed during solidification because of a difference in the specific 

volumes of liquid and solid metal. When the first regions of the casting solidified, this 

shrinkage would be fed by drawing liquid from neighbouring areas and the ability to 

draw this liquid metal will become more difficult due to the presence of an interdendritic 

network of solid metal which results in a reduction in the feeding channels. The negative 

pressure from shrinkage helps a double oxide film defect or an existing pore, to grow. 

The shrinkage porosity, therefore, is formed in an irregular shape in the interdendritic 

region and usually observed as a group of connected microporosity in the cross sections 

of castings, as shown in Figure 5.8d.  

 

The mechanism of shrinkage porosity formation suggests that oxide film defects are 

necessary as the initiators of pores, therefore the number of shrinkage pores and pore 

area, therefore, should be greater if oxide film content in the casting increases. However 

the distribution of pore area in 32 sections obtained from image analysis results (shown 

in Figure 4.142a) showed that increased oxide film content in the medium oxide film 

casting produced no difference in the distribution of the number of pores and pore area 

compared to the low oxide film casting. In the case of the high oxide film casting, its 

distribution could not be compared with the others because the presence of porosity in 

the casting was caused by the combination of shrinkage and hydrogen gas. However the 

pore area of the high oxide film casting, was estimated, at the same hydrogen content of 

the low and medium castings using the relationship between the pore area and the 

hydrogen content obtained from the cast Al-7Si-0.1Fe alloys obtained from in the first 

experiment (see Figure 5.7).  
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Figure 5.8 Sketches of shrinkage porosity formation in the cast aluminium alloy showing 

(a) the molten alloy contained double oxide film defects, (b) volumetric 

shrinkage occurred during solidification, (c) the expansion of double oxide 

film causing by the negative pressure of shrinkage and (d) a micrograph of 

shrinkage porosity in a casting. 

 

 

Figure 5.9 shows the new distribution of pore area obtained from 32 sections of the low, 

medium and high oxide film castings at the same hydrogen content (0.2 ml/100g metal). 

The diagrams show that increasing oxide film content appeared to have no significant 

effect on the presence of shrinkage porosity since all castings had similar pore area 

distribution. The SEM images showed there was about 10% of shrinkage porosity that 

H2 
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had no evidence of the presence of oxide film in the pores. This might be due to 

shrinkage porosity could be formed without oxide film defects. Shrinkage porosity, as 

mentioned, is formed with an irregular shape that was usually observed as a group of 

microporosity in the cross sections. Therefore the numbers of shrinkage pores might 

initiate from only one oxide film defect. This suggests that the pores, which oxide film 

was not detected, might be formed by double oxide film but the samples were sectioned 

the parted of pores that did not contained oxide films.    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9 The distribution plots of porosity data obtained from 3 type castings 

(hydrogen content of 0.2 ml/100g metal) 

 

 

In summary, this study revealed interactions between oxide films and porosity in 

aluminium alloy castings, and that double oxide films are the key to the mechanism by 

acting as pore initiators in the casting. Hydrogen gas also plays an important role by 

diffusing into these defects, inflating them to become porosity in the castings, while in 

the case of poor feeding, the negative pressure caused by shrinkage will control the 

growth of double oxide film defects. Generally, the growth of double oxide film defects 

will be controlled by the combination of shrinkage and dissolved hydrogen since 

hydrogen gas would be rejected from the melt during solidification and diffuse into the 
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entrained oxide films. The pressure of dissolved hydrogen and the negative pressure 

created by shrinkage will help the pore to grow easier. The other factor that might 

influence the formation of porosity is solidification time, which will allow more time for 

dissolved hydrogen to inflate the pore.  

 

 

5.5 Interaction between oxide film defects and Fe-rich phases 

 

The results in this study showed that oxide films had an interaction with Fe-rich 

intermetallic phases since they were one of the nucleation sites of Fe-rich phases. Figures 

4.26, 4.28, 4.87 and 4.89 show SEM and back-scattered images obtained from the 

fracture surfaces, in which it can be clearly seen (through the thin oxide film) that β-

Al5FeSi phases precipitated onto the wetted side of oxide films. A relationship between 

oxide film and Fe-rich phase was also found in microstructures of the castings, for 

example, Figure 4.100 shows crack-like porosity, which actually was an entrained oxide 

film, associated with the Fe-rich phases in the interdendritic region.  

 

Many authors have reported evidence for the nucleation of Fe-rich phases onto oxide 

films [Leoni and Fommei 1976, Narayanan et al. 1994, Doty et al. 2000]. Cao and 

Campbell [2003] claimed that the oxide film was a favourite nucleation site and that Fe-

rich phase might not be able to precipitate at all in aluminium castings without the 

presence of oxide films. They evaluated the effect of oxide films on the nucleation of Fe-

rich phases by examining their relative planar disregistry and claimed that MgO, 

MgO.Al2O3, γ-Al2O3 and α-Al2O3 could be good substrates for the nucleation and growth 

of α-Fe phase (primary or script type) because of the similarity in lattice parameter 

between them. If the disregistry between oxides and β-Al5FeSi phase was calculated, this 

might explain why oxide films act as a good nucleation site for β-Al5FeSi phases. Cao 

and Campbell also found cracks along the centre of the Fe-rich phases (see Figure 2.15) 

and believed that it was caused by double oxide film defects. They suggested that the 

two halves of the Fe-rich phase were separate particles that nucleated independently on 

the wetted sides of the double oxide films and grew along the oxide film, causing it to 

straighten. However, the microstructural examination in this study revealed no crack in 
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the Fe-rich phase as they suggested, and there was no evidence of oxide films associated 

with the cracks in the Fe-rich phases observed on the fracture surfaces. Cao and 

Campbell held the melt at the precipitation temperature of Fe-rich phase (about 600 oC) 

for a long time, which might have helped the nucleation and growth of Fe-rich phase on 

oxide films. On the other hand, the cracks observed in their work may not be double 

oxide films defects but occurred later during the polishing and preparation of the samples. 

 

The microstructures examined in this study showed that oxide film was not the only 

nucleation site during solidification but that Fe-rich phase could also nucleate elsewhere, 

such as the aluminium matrix and/or boundary as shown in Figures 4.38, 4.42 and 4.98. 

If the oxide film was the preferred substrate for the nucleation of Fe-rich phase, then 

effects on the presence of the Fe-rich phase should be found when the oxide film content 

was increased. However, image analysis results carried out on ten samples of the high Fe 

castings (0.5 wt% Fe) from the first experiment showed that the mean size (30 µm2) and 

number of Fe-rich phase (540 phases/mm2) in both the low and high oxide film castings 

was similar. There was no difference in the distribution of Fe-rich phase in both the low 

and high oxide film castings. 

 

It has been suggested that, since β-Al5FeSi phase is monoclinic and grows in a plate-like 

fashion [Brandes and Brook 1992], the Fe-rich phase might grow along the surface of 

crumpled oxide films, which had been compacted by bulk turbulence and were relatively 

harmless, and straighten them. This would cause one surface of the double oxide film 

defect to be separated from the other surface, opening a gap between them to appear as 

crack-like porosity in the casting that resulted in a decrease in tensile properties. Several 

SEM images obtained from the fracture surfaces contradict this suggestion, since they 

showed that β-Al5FeSi platelets appeared to grow along the wrinkles of oxide films (see 

Figures 4.87 and 4.89). However the straightening mechanism might be possible if large 

Fe-rich phases nucleated onto a small double oxide film (i.e., a young oxide film), 

having more deformability and flexibility, as shown in Figure 4.59.  

 

The straightening of folded oxide films by Fe-rich phases reflects the effect of Fe-rich 

phase on the reliability of the castings since the results obtained from the Weibull plots 
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shown in Figures 4.95 and 4.96 show that increasing Fe content to 1.1 wt% resulted in 

not only a reduction in UTS and elongation but also a significant reduction in Weibull 

modulus compared to the low Fe content castings (see Figures 4.31b, 4.32b, 4.73b and 

4.74b). As the Fe-rich phases had the same size and amount in the low and high oxide 

film content castings, the tensile properties of test bars should be the same and the 

distribution of tensile properties should not be affected if the failure was mainly caused 

by Fe-rich phase. It was clearly shown in the Pareto diagrams of Weibull modulus 

(Figures 4.34a and 4.34b) that oxide film defects had the greatest effect on the 

production of unreliable properties in the casting (column C). This therefore suggested 

that the reduction in Weibull modulus of the high Fe content casting might be caused by 

the effect of oxide film defects that were straighten and unfolded by the nucleation of Fe-

rich phase onto them. Or the effect could be explained by the nucleation of Fe-rich phase 

on the oxide films alone, resulting in a scatter of defect sizes and positions, and hence a 

scatter in properties.  

 

 

5.6 Interactions between oxide films, Fe-rich phases and porosity defects 

 

The interaction between Fe-rich phase and oxide film also involves an interaction 

between Fe-rich phase and porosity since, as mentioned in the previous section, double 

oxide films act as initiators of porosity formation in aluminium alloy castings. As shown 

in the Pareto diagram obtained from the image analysis results (see Figure 4.63), Fe-rich 

phases (column A) appeared to markedly influence the presence of porosity because 

increasing Fe content resulted in an increase in the number density of pores in the 

castings of about 1500 pore/cm2. Moreover SEM images showed that there were many 

pores associated with Fe-rich phases, particularly β-Al5FeSi phases, as shown in Figures 

4.56, 4.57, 4.59, and 4.61. Since the formation of porosity has been interpreted as 

requiring double oxide films as the initiator for the pore, these three defects should have 

interrelationships between them, which would influence the tensile properties of 

aluminium alloy castings and the reproducibility of properties as shown in the Pareto 

diagrams (e.g., column ABC in Figures 4.1 and 4.34).  
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The other evidence that shows an influence of Fe-rich on the presence of porosity in the 

cast aluminium alloys was the image analysis results obtained from the first experiment 

(Table 4.7). It can be seen that, in the high oxide film and high hydrogen content castings, 

the number of pores dramatically increased from about 1500 to 3600 pore/cm2 when the 

Fe content in the castings was increased about 0.45 wt%. Some authors claimed that the 

β-Al5FeSi phase might act as pore nucleation sites since Fe content influenced the 

amount of porosity that formed in a casting [Roy et al. 1996]. This assumption is 

unlikely to occur in practice due to the good wetting or the small contact angle of the 

liquid on the Fe-rich phases and therefore the extremely high pressures required for 

heterogeneous nucleation of porosity. Other authors have pointed to the possibility of 

heterogeneous nucleation of pores in crevices in inclusions, but Fisher showed that 

heterogeneous nucleation on a plane surface was unlikely. Since β-Al5FeSi phase forms 

as a platelet, then Fisher’s argument about the unlikely possibility of nucleation on a 

plane surface is more relevant than the suggestion of pore nucleation in a crevice. The 

increase in porosity can be explained by the evidences and results obtained from this 

study by two possible mechanisms.  

 

First, the Fe-rich phase enhances the diffusion of hydrogen into the entrained oxide film. 

This mechanism can be explained by Figure 5.10 as follows; to begin with, young oxide 

films are formed by surface turbulence produced during mould filling and, in the case of 

Figure 5.10, three double oxide films, or perhaps a young oxide film that broke into three 

double oxide film defects, is entrained into the melt as shown in Figure 5.10a. In the 

castings that do not contain Fe, hydrogen is thought to slowly diffuse into the entrained 

oxide films through pathways in the films, (which were mentioned in section 5.4.1),  

while the young double oxide films tend to be sealed by further oxidation consuming the 

oxygen inside the oxide film interior. The presence of Fe-rich phase may help the 

formation of porosity to be easier since it can nucleate on the wetted-side of the double 

oxide film and create a crack in the oxide film allowing hydrogen to diffuse into the 

interior of the double oxide film, though the Fe-rich phase, causing it to inflate into a 

pore (see Figures 5.10b and 5.10c).  
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(a) (b) 

 

 

 

 

 

 

 (c) (d) 

Figure 5.10 Sketches of porosity formation in the cast aluminium alloy containing Fe-

rich phases showing (a) double oxide film defects in the melt, (b) the 

nucleation of Fe-rich phases on the wetted side of double oxide film, (c) the 

inflation of oxide film causing by the diffusion of hydrogen through Fe-rich 

phases, and (d) a micrograph of porosity associated with Fe-rich phases and 

oxide films. 

 

A related explanation is that Fe-rich phase nucleated on the oxide film can channel 

hydrogen through the oxide into the interior. The point where the β-Al5FeSi phase grows 

on the oxide film must be the thinnest region of the film as this is where the oxide is 

insulated from the aluminium melt. Elsewhere the oxide film in contact with the melt and 

can continue to grow and thicken. Estimates of the solubility of hydrogen in Fe3Al show 
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H2 

H2 

H2 

H2 

H2 

H2 
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that it is much greater than the solubility of hydrogen in aluminium [Xu and McLellan 

1997] and the β-Al5FeSi phase may have similar properties. During solidification 

hydrogen can sink into the β-Al5FeSi phase nucleated on the oxide film where now the 

driving force for diffusion through the adjacent film would be greater than elsewhere 

around the double oxide film defect, where the lower hydrogen content of the melt 

makes diffusion through the oxide film less likely. In fact, the act of nucleation of the β-

Al5FeSi phase on the oxide film may disrupt its structure, somehow, rendering it 

permeable to hydrogen. As a consequence, double oxide films upon which β-Al5FeSi 

phase particles nucleate may preferentially inflate to form the observed porosity. Pores 

will stop growing when the local hydrogen content has declined, or they touch the next 

Fe-rich phase to become microporosity in the castings as shown in Figure 5.10d. This is 

the reason why the porosity in high Fe content castings tends to form with a smaller size 

while having a greater pore density.  

 

The second mechanism is that the Fe-rich phase causes physical restrictions to the 

movement of compensatory feed liquid. The image analysis results obtained from the 

high oxide film and high shrinkage casting in the second experiment (as shown in Tables 

4.18 and 4.27) showed that the number of pores was increased from about 1700 to 2200 

pore/cm2 with an increased Fe content in the castings from 0.1 to 1.1 wt%. The SEM 

images of the shrinkage porosity observed in this study showed Fe-rich phases associated 

with oxide film at the edges of pores, for example, Figures 4.59 and 4.61 and 4.91. The 

explanation of these might be due to the large β-Al5FeSi platelets acted as a barrier to the 

flow of feed metal causing a decrease in the permeability of the interdendritic network. 

During solidification of Al-Si-Mg alloys, the β-Al5FeSi phase nucleates earlier at the 

temperatures shown in Table 2.4. When it grows and obstructs the flow of feed metal, 

solidification contraction could then cause local failure of the liquid, leading to the 

presence of microporosity in the interdendritic regions or shrinkage porosity as shown in 

Figure 5.11. As previously mentioned in the section about the interaction between oxide 

film and porosity (section 5.4), the shrinkage porosity is known to initiate from double 

oxide film defects, which suggests an interaction between Fe-rich phase, oxide film and 

shrinkage porosity in that Fe-rich phases, nucleated on the wetted sides of double oxide 

films, lead to localised shrinkage which may help the double oxide film defects to 
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become a pore. Hence the presence of large β-Al5FeSi phase particles was found to 

reduce the pore size while increasing the pore number density.  

 

Several authors proposed the theory that the long and thick platelets of β-Al5FeSi phases 

may restrict feeding [Otte et al. 1999, Taylor et al. 1999, Villenerve et al. 2001]. 

However they reported that the theory was not capable of explaining all of their 

experimental results, since they could not remove the difficulty of explaining how the 

pores nucleated in the first place. However, their theory can be easily explained by the 

opening or inflation of double oxide films, because a double oxide film is an initiator of 

either gas porosity or shrinkage porosity in the casting.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 (a) (b) 

Figure 5.11 The scanning electron micrographs obtained from Al-7Si-0.2Mg-1.1Fe 

alloy showing the large β-Al5FeSi platelets blocking feeding channels 

between solidifying dendrites.  

 

To summarise, the Fe-rich phase (particularly β-Al5FeSi phase) produced an effect on the 

presence of porosity in the casting by increasing the number of pores, as shown in the 

Pareto diagram obtained from the image analysis results (Figure 4.60b). The 

interrelationship between Fe-rich phase and porosity might be explained with two 

β-Al5FeSi platelets 
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possible mechanisms. Firstly, Fe-rich phases nucleate on the wetted side of entrained 

oxide films and act as channels for hydrogen to diffuse into the oxide film interior, 

causing gas porosity. Secondly, large β-Al5FeSi phases that nucleated on oxide films 

during solidification block feeding channels between solidifying dendrites causing the 

double oxide film defects to open out into interdendritic shrinkage porosity.  

 

 

5.7 Summary 

 

The three common defects usually found in Al-Si-Mg alloy castings, (double oxide films, 

Fe-rich phase and porosity), were investigated in this study. The tensile properties results 

showed that double oxide films could produce an effect on UTS and elongation of up to 

150 MPa and 2% respectively. Oxide film defects also influenced the reliability of the 

casting by increasing the scatter of tensile property data. The most frequently observed 

Fe-rich phase observed in this study was β-Al5FeSi phase. Its brittle characteristic and 

large platelet morphology affected the tensile properties of castings by acting as a crack 

initiator. Increasing Fe content from 0.1 wt% to 1.1 wt% in this study resulted in a 

reduction in UTS and elongation by about 70 MPa and 4% respectively. Porosity defects 

normally observed in the casting were gas porosity and shrinkage porosity. The results 

revealed that increasing hydrogen content to 0.5 ml/100g metal caused the presence of 

gas porosity that decreased the tensile properties by about 20 MPa and 1.5% respectively. 

Thus, in order of importance on UTS and elongation, the defects can be ranked as Fe-

rich phase, oxide film defect and porosity, while for their effect on reproducibility of 

properties they can be ranked as oxide film defects, Fe-rich phase and porosity. 

 

Apart from direct effects on tensile properties produced by each defect, this study 

revealed the interactions between these defects that additionally influence the properties 

of castings. The formation of porosity in the castings was the most important interaction 

between oxide film and porosity found. The micrographs obtained from the 

microstructures showed that more than 90% of porosity observed in this study contained 

oxide films at their internal surface. This explains the formation of porosity in aluminium 

alloy castings in that it began with a double oxide film which contained some 
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atmosphere inside. Hydrogen diffused into the double oxide film defects and inflated 

them into gas porosity. The pressure from shrinkage due to the density difference during 

solidification also resulted in the growth of double oxide films to become shrinkage 

porosity in the castings. Fe-rich phase appears to enhance the formation of pores, and the 

Fe-rich phase nucleated on oxide films may act as a channel for hydrogen to diffuse into 

the oxide film interior and make this mechanism occur easier and faster. Moreover, the 

large β-Al5FeSi platelets act as a barrier to the flow of feed metal causing a decrease in 

the permeability of the interdendritic network and leading to the presence of 

microporosity in the interdendritic regions as shrinkage porosity. As shown in the Pareto 

diagram of tensile property and Weibull modulus results (Figures 4.1 and 4.34), the 

interaction between these three defects further influenced tensile properties of cast 

aluminium alloys since they can combine together and result in the presence of more 

detrimental defect. Consequently, to increase casting properties, it is necessary to pay 

more attention to the monitoring of the melt quality, in order to minimise all three 

defects during the casting process, particularly double oxide film defects, which can be a 

cause of the presence of the other defects in the cast aluminium alloys. 
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CHAPTER 6 

CONCLUSIONS 

 

 

Based on the tensile property results obtained from the cast Al-Si-Mg alloy used in this 

study, the Pareto diagrams obtained from the tensile properties, the Weibull distributions 

of the tensile property data, the observations of the fracture surfaces, microstructural 

examination and the image analysis of the microstructures, the following conclusions 

were drawn; 

 

1. Double oxide films defect was the most important defect found in this study since they 

occurred to an unpredictable extent but were almost unavoidable in the cast aluminium 

alloys. The doubled nature of this defect meant that it acted as a crack in the castings 

resulting in a reduction in tensile properties. The Pareto diagrams derived from the 

tensile results showed that the effects of oxide film defects on UTS and elongation 

properties at the levels introduced in the experiments, (i.e., using filtered and unfiltered 

castings), in the Al-Si-Mg alloy were 21 MPa and 0.9% respectively.   

 

2. The effect on tensile properties produced by the oxide film defects varied depending 

upon their shape and size. The large old oxide film defects, which formed the major part 

of the area of the fracture surfaces, could decrease the UTS by 150 MPa while the young 

oxide film had a lesser effect, because of a smaller area. The Pareto diagrams showed 

that the effects on UTS and elongation produced by oxide films, when the test bars 

containing large old oxide film defects were taken out, decreased to 9 MPa and 0.7% 

respectively.  

 

3. Oxide film defects produced the greatest effect on the reliability of the castings 

(reproducibility of properties) by decreasing the Weibull modulus obtained from the 

tensile properties. The reduction in the UTS Weibull modulus and elongation Weibull 

modulus produced by the oxide film defects in this study were 37 and 3 respectively.  
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4. The Weibull plots obtained from the castings containing the large old oxide film 

defects were separated by two trend-lines when classified by their cause of failures. The 

Weibull single defect distribution, that was thought to be the most accurate statistical 

tool for describing the distribution of tensile properties in aluminium alloys, therefore 

could not be used for the castings that contained large oxide film defects. 

 

5. Fe-rich phase produced the most detrimental effect on tensile properties in this study 

compared to oxide film defects and porosity. The characteristic of the Fe-rich phase, 

particularly β-Al5FeSi platelet, was its brittleness, and its role as an initiator of cracks in 

the castings. Increasing Fe content from 0.1 to 0.5 wt% produced a reduction in UTS and 

elongation of 28 MPa and 1.7 % respectively. 

 

6. Although Fe-rich phase was the most detrimental defect on the tensile properties, its 

effect on the UTS Weibull modulus and elongation Weibull modulus was only 10 and 

0.5. This suggested that the reliability of castings with a high Fe content was much 

higher than those that contained a high oxide film content. 

 

7. Porosity defects were the least detrimental defects to tensile properties in this study. 

The tensile properties decreased with the presence of large gas porosity, since they acted 

as material discontinuities and reducing load bearing area. The Pareto diagrams showed 

that increasing hydrogen content from 0.1 to 0.45 ml/100g Al in this study had effects on 

the UTS and elongation of 20 MPa and 0.7% respectively, (similar to the effects of the 

oxide film defects). 

 

8. The most important interaction between the microstructural defects found in this study 

was the interaction between oxide films and porosity since more than 90% of the 

observed pores contained oxide films in their interior. This suggested that the mechanism 

of porosity formation involved double oxide film defects, which acted as an existing pore 

in the melt. The expansion of the double oxide film defects therefore resulted in the 

presence of gas porosity or shrinkage porosity defects in the castings. 
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9. The main factors for the formation of porosity were therefore hydrogen and shrinkage. 

Hydrogen played an important role by diffusing into double oxide film defects and 

inflating them to become gas porosity, while the negative pressure in the melt introduced 

by shrinkage also controlled the growth of double oxide films and caused the presence of 

shrinkage porosity in the castings.  

 

10. The solidification time influenced the porosity formation in aluminium alloy castings 

by allowing more time for dissolved hydrogen to inflate pores. For example, in high 

purity aluminium, porosity was not observed because the solidification range was narrow 

and the solidification time was short.  

 

11. SEM observation of oxide films showed that they were suitable substrates for the 

nucleation and growth of Fe-rich phases, particularly the β-Al5FeSi phase. 

 

12. The β-Al5FeSi phase that nucleated on the crumpled double oxide films could 

straighten them since it was monoclinic and grew in a plate-like morphology. This would 

cause one surface of the double oxide film defect to be separated from the other surface 

and appear as crack-like porosity in the casting that resulted in a decrease in tensile 

properties.  

 

13. The nucleation of Fe-rich phase onto oxide films also revealed the interaction 

between all three defects since it enhanced the formation of porosity in the castings. It 

has been suggested that Fe-rich phases that nucleated on the wetted side of entrained 

oxide films could act as a channel for hydrogen to diffuse into the oxide film interior 

more easily. 

 

14. The β-Al5FeSi phases that nucleated and grew during solidification might also 

influence the flow of liquid metal during solidification. Its platelet morphology and large 

size could block the feeding channels between solidifying dendrites, resulting in the 

presence of interdendritic shrinkage porosity originating from the double oxide films. 
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15. The combination of three defects could further influence the mechanical properties of 

cast aluminium alloys by decreasing both tensile properties and the reproducibility of 

properties. The Pareto diagrams showed that an interaction between Fe-rich phase, 

porosity and oxide film defects produced an effect on UTS and elongation of about 5 

MPa and 0.5% respectively. The reduction in the UTS Weibull modulus and elongation 

Weibull modulus produced by their interaction in this study were 8 and 0.6 respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 257

CHAPTER 7 

FUTURE WORKS 

 

 

Although some progress has been made towards understanding the effects of oxide film, 

Fe-rich phase, porosity, and their interactions on tensile properties of cast Al-Si-Mg 

alloys, it is necessary to continue research in the following areas; 

 

1. Although the oxide film defect is the most important defect in the casting, the lack of 

reliable and accurate techniques to measure and quantify oxide films in cast aluminium 

alloys has hindered understanding of how the defects may be removed. The development 

of measurement techniques for oxide films will be a benefit to foundries.  

 

2. A Weibull single defect distribution may not be used for castings that contain double 

oxide film defects, particularly a large old double oxide films. Further research is 

required to examine other statistical models to obtain the most accurate tool for 

describing the distribution of tensile properties in aluminium alloys.  

 

3. It seems that the growth of double oxide films was the most favoured mechanism for 

porosity formation in the castings. Further experiments are needed to investigate whether 

porosity can be observed in cast aluminium alloys that have no oxide film.  

 

4. In this study, some pores that apparently did not contain oxide films were observed. 

This suggested that they might be formed by another mechanism or nucleated in some 

other way. It is necessary to study whether the nucleation of pore on a rough surface, or 

in conical cavities of an inclusion is possible. 

 

5. It has been suggested that an amorphous film is impermeable or less permeable to 

hydrogen. It therefore is important to confirm whether the morphology of oxide film, for 

example, an amorphous film, a crystalline film or spinel, influences the formation of 

porosity involving the inflating of double oxide film defects by hydrogen. 
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6. It is important to confirm whether other Fe-rich phases such as π-Al8FeMg3Si6, or 

other particles, can also nucleate on oxide films and whether they influence the 

formation of porosity in the casting. 

 

7. Other inclusions in cast Al-Si-Mg alloys might also play a direct or indirect role in the 

formation of porosity. Further work is required to understand the effect on porosity 

formation of other particles such as magnesium oxide, silicon oxide, and titanium 

diboride.  
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